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Chronic pain such as neuropathic pain, osteoarthritic pain,
or abnormal pain associated with neurological diseases rep-
resents a debilitating condition which strongly affects the
quality of life of patients. The mechanisms at the basis of the
induction and maintenance of chronic pain are still poorly
understood. Thus, an appropriate therapy for chronic pain is
not yet available and there are many failures in treatments.

Recent evidence suggests a role for central and periph-
eral immune cells (microglia, macrophages, astrocytes, mast
cells, and T-cells) in the initiation of peripheral and central
sensitization. They mediate the plastic changes occurring
within pain pathways that result in sensory dysfunctions and
behavioural correlates, such as thermal/mechanical hyperal-
gesia and tactile allodynia. Because of the complex molecular
and cellular mechanisms involved in the neuropathic pain
induction and maintenance, several mediators have been
demonstrated to be crucial in its induction and maintenance
in the last years.

Historically the NMDA receptor for glutamate has been
deeply investigated for the spinal wind-up occurring in the
establishment of tactile allodynia. The role of the NMDA
NR2B subunit as well as a possible pharmacological activity
of its natural agonist, the D-aspartic acid, has been further
clarified in this issue. More recent data suggest a role for
lipid-mediated pathways such as sphingosine-1-phosphate or
endocannabinoid systems in the modulation of spinal and
supraspinal events associated with peripheral neuropathy

[1, 2]. Besides the endocannabinoids also the “so-called”
endocannabinoid-like molecules such as palmitoylethanola-
mide and oleoylethanolamide (PEA and OEA) have been
demonstrated to be potentially useful to treat neuropathic
pain-associated allodynia and hyperalgesia [3–5].

In this issue further investigations on the possible alter-
ations in the anandamide metabolism in the development of
neuropathic pain have been addressed. Moreover, the pos-
sible use of the palmitoylethanolamide in the delay of mor-
phine tolerance has also been suggested. In this special issue,
focused on further understanding of themolecular and cellu-
lar mechanisms at the basis of the chronic neuropathic pain,
several other neuromodulatory systems have been analyzed.
A possible role of a new class of chemokines, the proki-
neticins, of the somatostatin receptor activation, of the noci-
ceptin/orphanin, and of the mTOR pathway in neuropathic
pain mechanisms has been further elucidated. Moreover, the
possible use of a still far stem cells therapy has been reviewed
in the issue.

Nowadays a pivotal role of microglia in the establishment
of tactile allodynia is confirmed.Themicroglia activation and
recruitment seem to be highly regulated by purinergic sys-
tem. Indeed, it has been highlighted that the abnormal ATP
release in the dorsal horn of the spinal cord is responsible for
the BDNF release from microglia through a mechanism
mediated by P

2
X
4
which, in turn, causes the shift in neuronal

anion gradient [6]. Moreover, also a role for the P
2
X
7
in the
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microglial release of IL-1𝛽 and other proinflammatory
molecules such as cathepsin S has been demonstrated [7].The
role of the purinergic system in the regulation of glial and
microglial cells has been extensively reviewed in the paper by
G. Magni and S. Ceruti.

In conclusion, we hope that the readers will find in
this special issue a discreet panoramic view of the puzzling
mechanisms involved in chronic pain development.

Livio Luongo
Marzia Malcangio
Daniela Salvemini

Katarzyna Starowicz
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In spite of the potency and efficacy of morphine, its clinical application for chronic persistent pain is limited by the development
of tolerance to the antinociceptive effect. The cellular and molecular mechanisms underlying morphine tolerance are complex and
still unclear. Recently, the activation of glial cells and the release of glia-derived proinflammatory mediators have been suggested to
play a role in the phenomenon. N-Palmitoylethanolamine (PEA) is an endogenous compound with antinociceptive effects able
to reduce the glial activation. On this basis, 30mg kg−1 PEA was subcutaneously daily administered in morphine treated rats
(10mg kg−1 intraperitoneally, daily). PEA treatment significantly attenuated the development of tolerance doubling the number
of days of morphine antinociceptive efficacy in comparison to the vehicle + morphine group. PEA prevented both microglia and
astrocyte cell number increase induced by morphine in the dorsal horn; on the contrary, the morphine-dependent increase of
spinal TNF-𝛼 levels was not modified by PEA. Nevertheless, the immunohistochemical analysis revealed significantly higher TNF-
𝛼 immunoreactivity in astrocytes of PEA-protected rats suggesting a PEA-mediated decrease of cytokine release from astrocyte.
PEA intervenes in the nervous alterations that lead to the lack of morphine antinociceptive effects; a possible application of this
endogenous compound in opioid-based therapies is suggested.

1. Introduction

Opioids remain an integral part of clinical pain management
[1]. Although often successful in acute settings, long-term
use of opioids may be accompanied by waning levels of
analgesic response not readily attributable to advancing
underlying disease, necessitating dose escalation to manage
pain. Analgesic tolerance has been invoked to explain such
declines in opioid effectiveness over time. This undesirable
manifestation, along with other adverse effects caused by
escalating doses (e.g., oversedation, respiratory depression,
and constipation), significantly decreases quality of life in
patients with chronic pain [2].

Lines of evidence have demonstrated thatmultiple factors
are known to be involved in morphine tolerance [3], mainly
involving neuronal mechanisms of adaptation and sensitiza-
tion. On the other hand, chronic morphine treatment acti-
vates spinal and cortical glial cells [4–7] which contribute the
development of antinociceptive tolerance [6, 8]. Direct and

indirect morphine-evoked signals [7] produce microglia and
astrocyte changes [9] ultimately resulting in increased pro-
duction ofmany substances such as free radicals, nitric oxide,
proinflammatory cytokines and chemokines, prostaglandins,
complement proteins, neurotoxins, neurotrophic factors, and
excitatory amino acids which actively opposes the analgesic
effects of morphine and contributes to the development of
tolerance [10, 11]. Moreover, pharmacological glial inhibition
decreases morphine-induced cytokine release and attenuates
tolerance [7]. Administration of the glial metabolic inhibitor
fluorocitrate has been found to attenuate the development of
morphine tolerance [6]. Minocycline, propentofylline, and
pentoxifylline reduced glial cell activation and significantly
blocked the development of morphine tolerance in naive
mice, as well as in a model of neuropathic pain [5, 12, 13].
Lu et al. [14] showed that patients receiving pentoxifylline
exhibited longer patient-controlled analgesia trigger times in
the presence of attenuated perioperative cytokine response
and required less morphine consumption. However the side
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effects of these compounds limit their prolonged use in
persistent pain conditions [15].

N-Palmitoylethanolamine (PEA), the endogenous amide
between palmitic acid and ethanolamine, belongs to the
family of fatty acid ethanolamides (FAEs), a class of lipid
mediators. PEA exerts antinociceptive effects in several ani-
mal models [16, 17]. Its safety and efficacy were shown in
a variety of clinical trials focused on pain state treatment:
diabetic neuropathy, carpal tunnel syndrome, dental and
temporomandibular joint pain, and arthritic, postherpetic,
and chemotherapy-induced neuropathic pain [18, 19]. More-
over, PEA protects nervous tissue in neuropathic conditions
[20], prevents neurotoxicity and neurodegeneration [21, 22],
and inhibits peripheral inflammation and mast cell degranu-
lation [23]. Further, PEA reduced the activation of microglia
and astrocytes [24]. PEA normalized spinal microglia and
astrocyte activation in the rat model of inflammatory pain
induced by formalin [25] as well as after spinal cord
trauma in mice [26]. Treatment with PEA reducedmicroglial
activation and the number of astrocytes in the model of
Parkinson’s disease induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [27] and counteracts reactive
gliosis after 𝛽-amyloid peptide injection in rat brain [28].

Based on the hypothesis that the glial cell modulator PEA
may influence the development of morphine tolerance, the
antinociceptive effect of repeated treatment with the alkaloid
was evaluated overtime during PEA administration.

2. Material and Methods

2.1. Animals. Male Sprague-Dawley rats (Harlan, Varese,
Italy), weighing 200–250 g at the beginning of the experi-
mental procedure, were used for all the experiments. Animals
were housed in CeSAL (Centro Stabulazione Animali da
Laboratorio, University of Florence) and used no earlier than
one week after their arrival. Four rats were housed per cage
(size 26 × 41 cm); animals were fed with standard laboratory
diet and tap water ad libitum and kept at 23 ± 1∘C with a
12 h light/dark cycle, light at 7 a.m. All animal manipulations
were carried out according to the European Community
guidelines for animal care (DL 116/92, application of the
European Communities Council Directive of 24 November
1986; 86/609/EEC). The ethical policy of the University of
Florence complies with the Guide for the Care and Use of
Laboratory Animals of the US National Institutes of Health
(NIH Publication number 85-23, revised 1996; University
of Florence assurance number: A5278-01). Formal approval
to conduct the described experiments was obtained from
the Animal Subjects Review Board of the University of
Florence and the research was authorized by the Italian
Ministry of Health (Decree 54/2014-B). All efforts were made
to minimize animal suffering and to reduce the number of
animals used.

2.2. Pharmacological Treatments. Micronized PEA (Epitech,
Padova, Italy) was dissolved in PEG and Tween 80 2 : 1
(Sigma-Aldrich,Milan, Italy) and kept overnight under gentle
agitation with a microstirring bar. Before injection, sterile

saline was added so that the final concentrations of PEG
and Tween 80 were 20 and 10% v/v, respectively. Drug was
injected daily (9 a.m., from day 1 to day 11) subcutaneously
(s.c.) in a dose of 30mg kg−1. Morphine (S.A.L.A.R.S., Como,
Italy) was dissolved in sterile saline and injected daily (2
p.m., from day 1 to day 11) intraperitoneally (i.p.) in a dose
of 10mg kg−1. Behavioral measurements were performed
immediately before and 30min after morphine administra-
tion. Dosages were chosen on the basis of previous studies
[20, 29, 30]. The described dosages were administered with
respect to the body weight and all injections were given in a
mean volume of 0.3mL. Control animals were treated with
vehicle.

2.3. Paw Pressure Test. The nociceptive threshold in the
rat was determined with an analgesiometer (Ugo Basile,
Varese, Italy), according to the method described by [31].
Briefly, constantly increasing pressure was applied to a small
area of the dorsal surface of the hind paw using a blunt
conicalmechanical probe.Mechanical pressurewas increased
until vocalization or a withdrawal reflex occurred while rats
were lightly restrained. Vocalization or withdrawal reflex
thresholds were expressed in grams. Rats scoring below 40 g
or over 75 g during the test before drug administration were
rejected (25%). For analgesia measures, mechanical pressure
application was stopped at 120 g [32].

2.4. Plantar Test. Pain thermal sensitivity was measured
using a plantar test apparatus (Ugo Basile, Varese, Italy),
wherein the paw withdrawal latency to a thermal stimulus
was measured, as described previously [33]. The apparatus
used a test unit containing a heat source that radiated a
light beam. An adjustable angled mirror on the test unit
was used to locate the correct targeting area on the paw.
The beam source was set with an active intensity of 40%,
an idle intensity of 10%, and a cut-off time of 25 s. The
paw withdrawal latency comprised the time from the start
of the beam light until the animal withdrew the paw from
the heat stimulus (reaction time was measured to 0.01 s).
An acrylic six-chamber container was used to separate the
rats that were placed on the glass base. The baseline paw
withdrawal latency values were close to 10 s when the current
parameters were used.Measurements were taken in duplicate
at least 1min apart, and the average was used for statistical
analysis. Behavioural responses of both left and right paws
were measured.

2.5. Immunofluorescence Staining. On days 6 and 11, rats
were sacrificed; the L4/L5 segments of the spinal cord were
exposed from the lumbovertebral column via laminectomy
and identified by tracing the dorsal roots from their respec-
tive DRG. According to [34–36], formalin-fixed cryostat
sections (7 𝜇m) were washed 3× with phosphate-buffered
saline (PBS) and 0.3% Triton X-100 for 5min and then
were incubated, at room temperature, for 1 h in blocking
solution (PBS, 0.3% Triton X-100, and 5% albumin bovine
serum; PBST). Sliceswere incubated overnight at 4∘C inPBST
containing rabbit primary antisera. The primary antibody
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used was directed against ionized calcium binding adapter
molecule 1 (Iba1; rabbit, 1 : 1000; Wako, Richmond, VA, USA)
for microglial staining or against glial fibrillary acidic protein
(GFAP; rabbit, 1 : 1000; DAKO, Carpinteria, CA, USA) for
astrocyte staining. The following day slides were washed
3× with PBS and 0.3% Triton X-100 for 5min and then
sections were incubated in goat anti-rabbit IgG secondary
antibody labeled with Alexa Fluor 568 (1 : 500; Invitrogen,
Carlsbad, USA) and DAPI (4,6-diamidin-2-phenylindole;
1 : 2000; Life Technologies-Thermo scientific, Rockford, IL,
USA), a nuclei marker, in PBST at room temperature for
2 h, in the dark. After 3× PBS and 0.3% Triton X-100 wash
for 10min, slices were mounted using ProLong Gold (Life
Technologies-Thermo scientific, Rockford, IL, USA) as a
mounting medium.

Negative control sections (no exposure to the primary
antisera) were processed concurrently with the other sections
for all immunohistochemical studies, in order to exclude the
presence of nonspecific immunofluorescent staining or cross
immunostaining.

Images were acquired by using an Olympus BX63 micro-
scope equipped with an Olympus XM10 camera and coupled
to CellSens Dimension Software (Olympus, Milan, Italy).

Quantitative analysis of GFAP and Iba1-positive cells was
performed by collecting three independent fields through a
20x 0.40NA objective in the dorsal horn of each rat spinal
cord. GFAP and Iba1-positive cells were counted using the
“cell counter” plugin of ImageJ (NIH, Bethesda, Maryland,
USA).

2.6. Double Immunofluorescence Staining. To evaluate the
tumor necrosis factor-𝛼 (TNF-𝛼) expression in the dorsal
horn of rat spinal cord, double immunofluorescent labeling
of TNF-𝛼 and GFAP for astrocytes or OX42 for microglia
was performed. Formalin-fixed cryostat sections (7 𝜇m)were
washed 3×withPBS and 0.3%TritonX-100 for 5min and then
were incubated, at room temperature, for 1 h in PBST. To visu-
alize TNF-𝛼 and microglia the primary antibodies used were
directed against TNF-𝛼 (rabbit, 1 : 1000; Thermo scientific,
Rockford, IL, USA) and OX42, a microglia marker (mouse,
1 : 150; BD Bioscience, Becton&Dickinson, New Jersey, USA).
Antibodies were incubated overnight at 4∘C in PBST. The
following day, slides were washed 3× PBS and 0.3% Triton
X-100 for 5min and then sections were incubated in goat
anti-rabbit IgG secondary antibody labeled with Alexa Fluor
568 (1 : 500, Invitrogen, Carlsbad, USA), to visualize TNF-
𝛼, and in goat anti-mouse IgG secondary antibody labeled
with Alexa Fluor 488 (1 : 500; Invitrogen, Carlsbad, USA), to
visualize microglia, and DAPI (1 : 2000, Life Technologies-
Thermo scientific, Rockford, IL, USA), a nuclei marker, in
PBST at room temperature for 2 h in the dark. After 3× PBS
and 0.3% Triton X-100 wash for 10min, slices were mounted
using ProLong Gold (Life Technologies-Thermo scientific,
Rockford, IL, USA) as a mounting medium. The same
procedure was repeated to visualize TNF-𝛼 and astrocytes
using the described antibody directed against TNF-𝛼 and a
mouse GFAP Alexa Fluor 488 conjugated (1 : 200; Millipore,
Temecula, CA, USA). Negative control sections (no exposure
to the primary antisera)were processed concurrentlywith the

other sections for all immunohistochemical studies, in order
to exclude the presence of nonspecific immunofluorescent
staining or cross immunostaining. Images were acquired as
above. Quantitative analysis of TNF-𝛼 and GFAP expression
or TNF-𝛼 and OX42 expression was performed by collecting
three independent fields through a 20x 0.40NA objective
in the dorsal horn of each rat spinal cord. Colocalization
that can be described as the spatial overlap of two or
more dyes in a multichannel image of TNF-𝛼 and GFAP
or of TNF-𝛼 and OX42 was evaluated using the “JACoP”
(just another colocalization plugin) plugin of ImageJ (NIH,
Bethesda, Maryland, USA). Colocalization can be estimated
by calculating a number of values representing the proportion
of colocalized pixels. These values are called colocalization
coefficients [37]. In this work we evaluated the overlap
coefficient: it indicates an actual overlap of the signals and is
considered to represent the true degree of colocalization [38].

2.7. Enzyme-Linked Immunosorbent Assay (ELISA) TNF-𝛼.
The dorsal horns of the spinal cord were homogenized in
lysis buffer containing 50mM Tris-HCl pH 8.0, 150mM
NaCl, 1mM EDTA, 0.5% Triton X-100, Complete Protease
Inhibitor (Roche, Milan, Italy), in ice, and centrifuged at
13,000×g for 15 minutes at 4∘C. The protein concentration
of the supernatant was quantified by BCA assay kit (Sigma-
Aldrich, St. Louis, MO, USA). TNF-𝛼 was measured using
commercially available enzyme immunoassays (rat TNF-𝛼
ELISA set, eBiosciences, San Diego, CA, USA) according to
the manufacturer’s instructions. The protein expression was
normalized to the total protein amount per spinal cord and
reported as pg/mg.

2.8. Statistical Analysis. Behavioral measurements were per-
formed on 12 rats for each treatment carried out in 2 different
experimental sets. Measurements were taken in duplicate
at least 1min apart; the responses of both left and right
paws were measured. For behavioral experiments one-way
analysis of variance (ANOVA) followed by Fisher’s protected
least significant difference procedure was used. ELISA and
immunohistochemical analyses were performed on 6 rats
per group. Six sections of spinal cord for each animal were
evaluated. For statistical analysis, data were analyzed by one-
way ANOVA followed by multiple comparisons with the
Bonferroni post hoc test.

All behavioral assessments were made by researchers
blinded to rat treatment. Slides from control and exper-
imental groups were labeled with numbers so that the
person performing the image analysis was blinded as to the
experimental group. In addition, all images were captured
and analyzed by an investigator other than the one who
performedmeasurements to avoid possible bias. Since behav-
ioral measurements were performed 30min after morphine
injection, different animal groups were used for paw pressure
and plantar tests. ELISA and immunohistochemical analysis
were performed on tissues from the same animals used for
behavioral analysis. Data about the control group vehicle +
vehicle are the mean of values obtained on days 6 and 11.
For all the immunochemical analyses no differences were
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Figure 1: Analgesia measurement, paw pressure test. Animals were
treated daily with 30mg kg−1 PEA s.c. or with vehicle. The pain
threshold was evaluated every day immediately before and 30min
after the injection i.p. of 10mg kg−1morphine. Each value represents
the mean ± SEM of 12 rats per group, performed in 2 different
experimental sets. ∗∗𝑃 < 0.01 versus pretest values.

highlighted in the vehicle + vehicle group on days 6 and 11.
Data were analyzed using the “Origin 7.5” software (Origin-
Lab, Northampton, MA, USA). Differences were considered
significant at 𝑃 < 0.05.

3. Results

Ten mg kg−1 morphine administered i.p. (30min after injec-
tion) increased the weight tolerated on the posterior paw
up to 90.3 ± 2.7 g in comparison to the threshold before
treatment (pretest) of 61.8 ± 1.2 g (Figure 1). A similar effect
was maintained when morphine was newly injected in the
following days till day 5. The same dose was unable to
significantly increase pain threshold from day 6. In the group
treated with 30mg kg−1 PEA s.c. (daily) the antinociceptive
effect of morphine reached 95.3±1.7 g (Figure 1).The efficacy
of morphine was significant up to day 10 (81.6 ± 2.9 g). PEA
per se did not alter the response to the paw pressure as shown
by the values of pretest (before morphine injection) of the
group PEA + morphine. Figure 2 shows the results obtained
with the plantar test. The withdrawal latency to a painful
thermal stimulus was increased by morphine to 21.1 ± 2.7 s
in comparison to the pretest value of 8.5 ± 0.5 s (vehicle
+ morphine group). In the presence of PEA treatment the
significance of morphine-induced analgesia lasted till day 10
(14.8 ± 0.8 s).

The spinal cord was analyzed on days 6 and 11 when
tolerance to the antinociceptive effect of morphine was
developed in the vehicle + morphine and in the PEA +
morphine group, respectively.

Alkaloid treatment progressively increased the number of
Iba1-positive cells in the dorsal horn (Figure 3). On day 6,
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Figure 2: Analgesia measurement, plantar test. Animals were
treated daily with 30mg kg−1 PEA s.c. or with vehicle. The pain
threshold was evaluated every day immediately before and 30min
after the injection i.p. of 10mg kg−1morphine. Each value represents
the mean ± SEM of 12 rats per group, performed in 2 different
experimental sets. ∗∗𝑃 < 0.01 versus pretest values.

Table 1: TNF-𝛼 levels in the spinal cord.

TNF-𝛼 levels (pg/mg proteins)
vehicle + vehicle vehicle + morphine PEA + morphine

12.2 ± 3.2
Day 6 25.9 ± 3.8∗ 30.7 ± 5.0∗

Day 11 32.7 ± 6.4∗ 28.4 ± 3.0∗

In the dorsal horn of the spinal cord, TNF-𝛼 levels were measured by ELISA
on days 6 and 11. Rats were treated daily i.p. with 10mg kg−1morphine and
30mg kg−1 PEA and comparedwith vehicle treatment. Each value represents
the mean ± SEM of 6 rats per group, performed in 2 different experimental
sets. ∗P < 0.05 versus vehicle + vehicle.

microglia densitywas significantly higher in the group vehicle
+ morphine in comparison to vehicle + vehicle group. PEA
fully prevented the morphine-induced microglia activation
on day 6 and on day 11 the effect was still significant in com-
parison to vehicle +morphine (Figure 3). Similar results were
obtained when microglia was analyzed by OX42 immunore-
activity (Supplemental information, Figure S1 available online
at http://dx.doi.org/10.1155/2014/894732). The expression of
GFAP in the dorsal horn is shown in Figure 4.The analysis of
GFAP-positive cells reveals a morphine-induced increase in
astrocyte cell density on day 6 as well as on day 11 (vehicle +
morphine). PEA reduced astrocyte cell number at both time
points (Figure 4; PEA + morphine).

In dorsal horn homogenate TNF-𝛼 levels were measured
(Table 1). Vehicle + morphine treated rats showed a 112% and
168% increase of the cytokine on days 6 and 11, respectively.
PEA did not alter this increment. As shown in Figures 5 and
6, TNF-𝛼 localizationwas studied by immunohistochemistry.

http://dx.doi.org/10.1155/2014/20894732
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Figure 3: Iba1-positive cell density in the dorsal horn of the spinal cord. 30mg kg−1 PEA s.c. and 10mg kg−1 morphine i.p. were administered
daily and immunohistochemical analysis was performed on days 6 and 11; (a) representative images of merged Iba1-labeled microglia cells
(red), plus DAPI-labeled cell nuclei (blue); scale bar: 50𝜇m. (b) Quantitative analysis of cellular density was performed evaluating 6 animals
for each group. Each value represents themean± SEMof 6 rats per group, performed in 2 different experimental sets. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01
versus vehicle + vehicle; ##𝑃 < 0.01 versus vehicle + morphine.
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Figure 4:GFAP-positive cell density in the dorsal horn of the spinal cord. 30mg kg−1 PEA s.c. and 10mg kg−1morphine i.p. were administered
daily and immunohistochemical analysis was performed on days 6 and 11; (a) representative images of merged GFAP-labeled astrocyte cells
(red), plus DAPI-labeled cell nuclei (blue); scale bar: 50𝜇m. (b) Quantitative analysis of cellular density was performed evaluating 6 animals
for each group. Each value represents the mean ± SEM of 6 rats per group, performed in 2 different experimental sets. ∗𝑃 < 0.05 versus
vehicle + vehicle; #𝑃 < 0.05 versus vehicle + morphine.
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Figure 5: Colocalization of TNF-𝛼 and OX42 in the dorsal horn of the spinal cord. 30mg kg−1 PEA s.c. and 10mg kg−1 morphine i.p.
were administered daily and immunohistochemical analysis was performed on days 6 and 11; (a) representative images of merged TNF-
𝛼 (red), OX42 (green), and DAPI (blue) labeling; scale bar: 50 𝜇m. (b) Quantitative analysis of the overlap coefficient for TNF-𝛼 and OX42
expression performed evaluating 6 animals for each group. Each value represents themean ± SEMof 6 rats per group, performed in 2 different
experimental sets.
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Figure 6: Colocalization of TNF-𝛼 and GFAP in the dorsal horn of the spinal cord. 30mg kg−1 PEA s.c. and 10mg kg−1 morphine i.p.
were administered daily and immunohistochemical analysis was performed on days 6 and 11; (a) representative images of merged TNF-𝛼
(red), GFAP (green), and DAPI (blue) labeling; scale bar: 50 𝜇m. (b) Quantitative analysis of the overlap coefficient for TNF-𝛼 and GFAP
expression performed evaluating 6 animals for each group. Each value represents themean ± SEMof 6 rats per group, performed in 2 different
experimental sets. ∗𝑃 < 0.05 versus vehicle + vehicle; #𝑃 < 0.05 versus vehicle + morphine.
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In the spinal dorsal horn of vehicle + vehicle treated rats,
TNF-𝛼 immunoreactivity was scarcely colocalized with the
microglial marker OX42 and the overlap coefficient was
not modified by treatments (Figure 5). The colocalization
of TNF-𝛼 with GFAP was more evident even though mor-
phine repeated treatment did not alter the value. On the
contrary, after 6 days of treatment, PEA (PEA + morphine)
significantly increased the overlap between TNF-𝛼 andGFAP
(Figure 6). On day 11, after the development of tolerance
also in the PEA group, the cytokine presence in astrocytes
decreased to the level of vehicle +morphine group (Figure 6).
For all the immunochemical analyses no differences were
highlighted in the vehicle + vehicle group on days 6 and 11.

4. Discussion

The present data show the property of PEA to double the
number of days of morphine treatment efficacy. The pain
threshold evaluated by both mechanical and thermal stimuli
is still significantly increased by the alkaloid after 10 days
of treatment in animals receiving PEA. This result is not
influenced by per se antinociceptive effects of PEA as shown
by pretest values recorded before morphine treatment. This
piece is added to the intriguing mosaic of the pain reliever
effects of PEA.

Both opioid tolerance and neuropathic pain conditions
share features of diminished morphine analgesia, leading to
suggestions of a common mechanism [39]. Among complex
signaling networks, glial cell modulation emerges in neuro-
pathic pain [40–42] and in antinociceptive tolerance [6] as
well as in PEA effects [24].

To the best of our knowledge, this is the first evidence
of morphine-induced glial activation characterized by an
increase in cell density without consistent morphological
alteration of both microglia and astrocytes. This glial profile
is evident on day 6 when morphine lacks its antinociceptive
properties. PEA prevents the glial cell number increase
and prolongs morphine efficacy up to day 10 suggesting
a relationship between glial inhibition and attenuation of
tolerance. Nevertheless, the preventative effect on the glial
density increase is maintained also on day 11 after the onset of
tolerance in the group PEA + morphine suggesting a further
mechanism based on glia functions. Glial cells activated
by morphine secrete large amounts of proinflammatory
cytokines including interleukin-1𝛽 (IL-1𝛽), IL-6, and TNF-
𝛼, ATP, and nitric oxide (NO), accelerating the development
of the antinociceptive tolerance [43]. Moreover, IL-1𝛽, IL-
6, and TNF-𝛼 have also been shown to oppose acute and
chronic opioid analgesia [44]. Glia-derived proinflammatory
cytokines inhibit the antinociceptive effect of morphine
by sensitizing pain-transmission neurons in animals with
morphine tolerance and neuropathic pain [45]. Both cen-
tral and peripheral administration of the proinflammatory
cytokines TNF-𝛼, IL-1𝛽, and IL-6 facilitate pain transmis-
sion [46, 47] and the reduction of the antinociceptive
effect of morphine can be reversed by inhibition of glial
metabolism, antagonism of IL-1 receptors, and induction of
anti-inflammatory cytokine IL-10 expression [6, 48]. In the
present study, the expression levels of TNF-𝛼 in spinal cord

tissue homogenate are increased after 6 and 11 days of mor-
phine treatment but PEA does not modify this alteration.The
double immunofluorescence analysis of dorsal horn revealed
a preferential localization of TNF-𝛼 astrocyte in comparison
tomicroglia cells and, interestingly, significantly higher TNF-
𝛼 immunoreactivity in astrocytes of PEA-protected rats
(day 6) is shown. Since the presence of TNF-𝛼 in GFAP-
positive cells decreases on day 11, PEA seems to be able to
delay the cytokine release from astrocyte paralleling with
tolerance attenuation. The relevance of astrocyte-released
TNF-𝛼 in tolerance mechanisms was highlighted by Wang
et al. [49] which demonstrated, after a 7-day treatment
with morphine, the cytokine upregulation in astrocytes
by a calcitonin gene-related peptide- (CGRP-) mediated
increase of phosphorylated ERK [49]. Furthermore Shen and
coworkers [50] confirmed the role of TNF-𝛼 since etan-
ercept, a recombinant soluble p75 TNF receptor:Fc fusion
protein [51], preserved a significant antinociceptive effect
of morphine in morphine-tolerant rats suppressing proin-
flammatory cytokine expression and neuroinflammation in
microglia [50]. On the contrary, the glial modulation profile
and cytokine levels during the period of morphine efficacy
remain to be assessed. Even though some relevant upstream
signals, including ceramide and nitroxidative stress [52],
were shown further research is necessary to clearly highlight
the neuron-glia network in the development of morphine
tolerance.

PEA is a naturally occurring amide between palmitic
acid and ethanolamine; it is a lipid messenger known to
mimic several endocannabinoid-driven actions even though
PEA does not bind CB1, CB2, and abn-CBD receptors
[53]. So far, numerous actions of PEA on immune cells
such as modulation of cytokine release from macrophages,
attenuation of leukocyte extravasation, and inhibition of
mast cell degranulation have been described [54, 55]. Anti-
inflammatory effects of PEA have been associated with per-
oxisomeproliferator-activated receptor- (PPAR-)𝛼 activation
[56]. PPAR-𝛼, well known for its role in lipid metabolism,
controls transcriptional programs involved in the develop-
ment of inflammation through mechanisms that include
direct interactions with the proinflammatory transcription
factors NF-kB and AP1 and modulation of IkB function [57].
The pivotal role of PPAR-𝛼 in the PEA pharmacodynamic
mechanisms has been demonstrated for pain relief [17] as well
as for the PEA neurorestorative properties after peripheral
nerve injury [20]. PPAR-𝛼 participates also in the PEA
modulation of microglial cells [58]. The involvement of
PPAR-𝛼 in morphine tolerance development is not actually
established; on the contrary, the PPAR-𝛾 agonist pioglitazone
reduced the tolerance to the analgesic effect of morphine
[59]. An “entourage effect hypothesis” has also been put
forward to account for the pharmacological actions of PEA.
Based on an activity enhancement of other endogenous
compounds (e.g., the endocannabinoid anandamide [16]), by
potentiating their affinity for a receptor or by inhibiting their
metabolic degradation [60], PEAmay indirectly stimulate the
transient receptor potential vanilloid type 1 (TRPV1) and the
cannabinoid receptors [24]. Interestingly, morphine is able to
modulate endocannabinoid levels. Viganò et al. [61] showed
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modified brain levels of arachidonoylethanolamide (anan-
damide, AEA) and 2-arachidonoylglycerol (2-AG) after mor-
phine treatment, and differences were highlighted between
compounds depending on the duration of morphine expo-
sure and brain area. In particular, a single morphine injec-
tion increased AEA whereas it returned to the basal level
after 3 days of treatment [61]. CB1 and opioid receptors
are colocalized in brain regions important for the expres-
sion of morphine dependence [62] and, finally, compounds
that modulate the CB1 receptor systems can modulate the
development of morphine tolerance and dependence [63].
Repeated administration of the naturally occurring cannabi-
noid agonist Δ9-tetrahydrocannabinol or the CB1 receptor
agonist CP-55940 attenuates morphine antinociceptive tol-
erance [63–65]. Cannabinoids act on glia and neurons to
inhibit the release of proinflammatory molecules, including
IL-1𝛽, TNF-𝛼, and NO [66, 67], and enhance the release
of the anti-inflammatory cytokines IL-4 and IL-10 [68]. In
particular, anandamide reduces the release of TNF-𝛼 from
astrocytes [66] and the CB2 receptor stimulation attenu-
ated morphine-induced microglial proinflammatory medi-
ator increases, interfering with morphine effect by acting
on the Akt-ERK1/2 signalling pathway [69]. On the other
hand, PEA reduces activation of microglia and astrocytes
expressing cannabinoid CB2 receptors in mice underwent
compressive trauma of spinal cord [26].

5. Conclusion

Multiple properties of PEA converge to an interaction with
signals evoked by morphine. The evidence of a delayed
development of tolerance to the antinociceptive effects of
morphine in the presence of PEA suggests a possible
application of this endogenous compound in opioid-based
therapies.
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D-Aspartate (D-Asp) is a free D-amino acid found in the mammalian brain with a temporal-dependent concentration based on
the postnatal expression of its metabolizing enzyme D-aspartate oxidase (DDO). D-Asp acts as an agonist on NMDA receptors
(NMDARs). Accordingly, high levels of D-Asp in knockout mice for Ddo gene (Ddo−/−) or in mice treated with D-Asp increase
NMDAR-dependent processes. We have here evaluated in Ddo−/− mice the effect of high levels of free D-Asp on the long-term
plastic changes along the nociceptive pathway occurring in chronic and acute pain condition. We found thatDdo−/− mice show an
increased evoked activity of the nociceptive specific (NS) neurons of the dorsal horn of the spinal cord (L4–L6) and a significant
decrease of mechanical and thermal thresholds, as compared to control mice. Moreover, Ddo gene deletion exacerbated the
nocifensive responses in the formalin test and slightly reduced pain thresholds in neuropathic mice up to 7 days after chronic
constriction injury. These findings suggest that the NMDAR agonist, D-Asp, may play a role in the regulation of NS neuron
electrophysiological activity and behavioral responses in physiological and pathological pain conditions.

1. Introduction

D-Aspartate (D-Asp) is abundantly found in the brain
during embryonic and perinatal periods, while it strongly
decreases during adulthood [1–3]. D-Asp is selectivelymetab-
olized by D-aspartate oxidase (DDO), the only enzyme that
degrades bicarboxylic D-amino acids, including N-methyl-
D-aspartate (NMDA) [4]. DDO is widely expressed in the
adult brain, since its activity strongly increases frompostnatal

phase until 6 weeks of life [5]. In mammals, D-Asp plays
a role in glutamatergic neurotransmission acting as an agonist
on NMDA receptors (NMDARs) through the binding to
each of the GluN2 subunits [6–9]. Accordingly, in vitro
electrophysiological studies have demonstrated that D-Asp is
able to induce inward currents in CA1 pyramidal neurons in
an NMDAR-dependent manner [8]. Genetically engineered
animal models with a deletion of the Ddo gene (𝐷𝑑𝑜−/−),
showing nonphysiological high levels of D-Asp, have been
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generated to gain insight into the physiological role of this
D-amino acid and of its catabolic enzyme [10]. The levels of
D-Asp were up to 10–20-fold higher in the brain of 𝐷𝑑𝑜−/−
mice, as compared to the wild type littermates [11]. In line
with its pharmacological features, we have demonstrated that
excessive levels of D-Asp in the brain, in both 𝐷𝑑𝑜−/− mice
and mice chronically treated with D-Asp, are associated with
an enhanced NMDAR-dependent long term potentiation
(LTP) in the hippocampus and a loss of the long term
depression (LTD) in the striatum [6–9, 12]. Windup is the
LTP analogous mechanism at spinal cord dorsal horn level,
leading to central sensitization at the base of chronic pain
development and establishment [13, 14]. Similar to LTP,
windup relies onNMDAR activation-dependentmechanism.
Indeed, intrathecal injection of NMDA yields exaggerated
behavioral responses to thermal and low intensitymechanical
stimuli [15] while the peripheral administration of MK801, a
noncompetitive NMDAR antagonist, reduces the excitability
of spinal cord neurons under chronic pain conditions and
inhibits formalin-induced inflammatory pain [16].

In the present study,𝐷𝑑𝑜−/−micewere used to investigate
the consequences of high D-Asp levels on pain responses
and nociceptive specific (NS) neuron activity in chronic pain
by analyzing (i) thermal and mechanical thresholds in naı̈ve
mice, (ii) the evoked activity of the nociceptive specific (NS)
neurons of the dorsal horn of the spinal cord (L4–L6), (iii)
mechanical allodynia in amodel of neuropathic pain induced
by the chronic constriction injury (CCI) of the sciatic nerve,
and, finally, (iv) the nocifensive responses in the formalin test.

2. Methods

2.1. Animals. Knockout mice for the Ddo gene were gen-
erated as described previously [10]. Adult male and female
wild type (𝐷𝑑𝑜+/+) and knockout (𝐷𝑑𝑜−/−) 90-day-old mice,
derived from mating of heterozygous (𝐷𝑑𝑜+/−) mice and
back-crossed to the F5 generation to C57BL/6J strain, were
used. Animals were housed in standard transparent plastic
cages, in groups of 4, lined with sawdust under a standard
12/12-h light/dark cycle (07:00AM/07:00 PM), with food and
water available ad libitum. Testing was performed blind
to treatment group to which each subject belonged. All
procedures were in strict accordancewith the ItalianNational
law (DL116/92, application of the European Communities
Council Directive 86/609/EEC) on care and handling of
the animals and with the guidelines of the Committee for
Research and Ethical Issues of IASP.

2.2. Surgery. 𝐷𝑑𝑜−/− and wild type mice underwent the
chronic constriction injury (CCI) of the sciatic nerve accord-
ing to Bennett and Xie [17] for inducing neuropathic pain
(day 0). Briefly, animals were anaesthetized with sodium
pentobarbital (50mg/kg, i.p.), the right sciatic nerve was
exposed through a 1 cm longitudinal skin incision, and three
ligatures were loosely tied around the nerve just proximal to
the trifurcation. The wound was then closed with 4-0 silk
suture. In the following, the injured right hind paw will be
named as ipsilateral paw and the uninjured left hind paw will

be named as contralateral paw. Control𝐷𝑑𝑜−/− and wild type
mice underwent a sham surgery with exposure of the sciatic
nerve without ligature.

2.3. Extracellular Recordings of Nociceptive Neurons. For in
vivo single unit extracellular recording, experimental groups
consisted of 6–8micewhich included at least 3/4male and 3/4
female subjects with more than one neuron recorded in each
mouse. The single extracellular recordings were performed 7
days after surgery in𝐷𝑑𝑜−/− and𝐷𝑑𝑜+/+ female ormalemice.

On the day of electrophysiological recording experiments
(day 7), mice were initially anesthetized with sodium pento-
barbital (50mg/kg i.p.). After tracheal cannulation, a catheter
was placed into the right external jugular vein to allow con-
tinuous infusion of propofol (5–10mg/kg/h, i.v.). Spinal cord
segments L4–L6were exposedmedially by laminectomy, near
the dorsal root entry zone, up to a depth of 1 mm [18]. An
elliptical rubber ring (about 3 × 5mm) was tightly sealed
with silicone gel onto the surface of the cord. This ring
formed a trough with about 50 𝜇L capacity over the spinal
segments used for topical spinal drug application. It also
provided access to the spinal neurons that receive input from
the ipsilateral paw, where the mechanical stimulation was
applied. Animals were then secured in a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA, USA) supported by
clamps attached to the vertebral processes on either side of
the exposure site. The exposed area of the spinal cord was
initially framed by agar and then filled with mineral oil. Body
temperature was maintained at 37∘C with a temperature-
controlled heating pad [19, 20]. A glass-insulated tungsten
filament electrode (3–5MΩ; FHC Frederick Haer & Co., ME,
USA) was used to record single unit extracellular activity of
dorsal horn NS neurons. NS neurons were defined as those
neurons that respond only to high-intensity (noxious) stimu-
lation [19]. To confirmNS response patterns, each neuronwas
characterized while applying a mechanical stimulation to the
ipsilateral hind paw using a von Frey filament with 97.8mN
bending force (noxious stimulation) for 2 s until it buckled
slightly [21]. Only neurons that responded specifically to
the noxious hind paw stimulation, without responding to
stimulation of the surrounding tissue, were included in sham
and neuropathic mice recordings. The recorded signals were
amplified and displayed on a digital storage oscilloscope to
ensure that the unit under studywas unambiguously discrim-
inated throughout the experiment. Signals were also fed into
a window discriminator, whose output was processed by an
interface CED 1401 (Cambridge Electronic Design Ltd., UK)
connected to a Pentium III PC. Spike2 software (CED, version
4) was used to create peristimulus rate histograms online
and to store and analyze digital records of single unit activity
offline. Configuration, shape, and height of the recorded
action potentials were monitored and recorded continuously
using a window discriminator and Spike2 software for online
and offline analysis. This study only included neurons whose
spike configuration remained constant and could be clearly
discriminated from activity in the background throughout
the experiment, indicating that the activity from one neuron
only and from the same neuron was measured. The neuronal
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activity was expressed as spikes/sec (Hz). At the end of the
experiment, each animal was killed with a lethal dose of
urethane.

2.4. Behavioral Testing. Mechanical withdrawal threshold
was tested by using a Dynamic Plantar Aesthesiometer
(Ugo Basile, Model 37400), an apparatus that generates a
mechanical force linearly increasing with time. The force is
applied to the plantar surface of the mice hind paw, and
the nociceptive threshold is defined as the force, in grams,
at which the mouse withdraws its paw [22]. Neuropathic
wild type and 𝐷𝑑𝑜−/− mice were tested for the sensitivity
of both ipsilateral and contralateral hind paws to normally
nonnoxious punctuate mechanical stimuli, at different time
intervals from postoperative day 3 to day 31 and reported
in Figure 4. At each testing day, the ipsi- and contralateral
withdrawal forces were taken as mean of three consecutive
measurements per paw with 10 s interval between each
measurement. Experimental data are expressed as mean ±
S.E.M.

Thermal withdrawal thresholdwasmeasured by exposing
the plantar surface of both hind paws to an infrared heat
stimulus delivered through an automatic device (Plantar test,
Ugo Basile, Comerio, Italy). This apparatus basically consists
of a movable infrared generator placed below a glass pane
uponwhich animal is placed. After an acclimation period, the
infrared source placed under the glass floor was positioned
directly beneath the hind paw and trial began. When the
animal felt pain and withdrew its paw, the infrared source
switched off and the reaction time counter stopped [23].
The withdrawal latency to the nearest 0.1 s was automatically
determined. To avoid damage of hind paw skin tissue, a cut-
off time of 15 s was imposed. Thermal withdrawal latency of
both hind paws was recorded as the mean of the three trials
(s) for three consecutive trialswith at least 10 seconds between
each trial and was plotted.

Formalin test was used to evaluate the response to
inflammatory pain [24]. Formalin solution (20𝜇L of 5% in
saline) was subcutaneously (s.c.) injected into the dorsal
surface of the right hind paw of mice using a microsyringe
equipped with a 26-gauge needle. Mice were then put back
into the chamber and the observation period started. The
nocifensive responses, that is, the total amount of time the
animal spent licking the injected paw, were taken as index
of pain and measured in sec. Nocifensive responses were
recorded continuously for 40 minutes and calculated in
blocks of consecutive 5min periods.

2.5. Data Analysis. For electrophysiology experiments 2-way
ANOVA for repeated measures followed by Bonferroni post
hoc test for multiple comparisons has been used to analyse
statistical differences between the different groups of mice.
Data derived from male and female mice were analyzed
separately.

Concerning behavioral experiments data were expressed
as mean ± standard error of the mean (S.E.M). Statistical
analysis was carried out by using Student’s t-test to analyse
mechanical and thermal nociceptive threshold or two-way

ANOVA for repeated measures and one-way ANOVA to
evaluate mechanical allodynia and formalin-induced inflam-
matory pain. Data derived from male and female mice were
analyzed separately as well as the two phases of formalin test
considered.

3. Results

3.1. Effect of the Ddo Gene Ablation on NS Neuron Activity
of Female Mice in Control and Neuropathic Pain Conditions.
The results are based on NS neurons (two cells recorded
from each animal) at a depth of 0.7–1mm from the surface
of the spinal cord. This cell population was characterized
by a mean rate of spontaneous firing of 0.015 ± 0.002Hz.
Thus, only cells showing this pattern of basal firing were
chosen for the recordings. The electrophysiological studies
have measured the onset of excitation (the time from the
application of the stimulus artefact to the first evoked spike
exceeding the average baseline value + 2 standard deviations),
the frequency of the evoked excitatory responses, and the
duration of excitation (the period in ms of the increased
firing activity which exceeds the average baseline value + 2
standard deviations). The effect of Ddo gene deletion on NS
neuron activity was firstly considered in female 𝐷𝑑𝑜+/+ and
𝐷𝑑𝑜−/− mice. No change in the spontaneous firing activity
of NS neurons has been found in the sham wild type mice
(0.08± 0.001 spikes/s) (Figure 1) with respect to the näıve (not
shown). In contrast, the deletion of the Ddo gene caused a
significant decrease in the onset of the evoked activity and
an increase in the duration and the frequency of the evoked
activity (237 ± 18ms, F

(3,10)
= 21.02; 12 ± 0.66 s, F

(3,10)
= 56.56;

and 24.18 ± 2.11 Hz, F
(3,10)

= 31, resp.; 𝑃 < 0.05, 𝑛 = 6) in
sham 𝐷𝑑𝑜−/− mice as compared to the sham wild type ones
(Figure 1).

We observed an overall NS neuron hyperexcitability in
CCI as compared with sham in wild type mice. In particular,
we found a significant reduction in the onset and an increase
in the frequency and in the duration of the evoked activity 7
days after CCI (202 ± 25.36ms, F

(3,10)
= 24.83; 27.8 ± 2.39Hz,

F
(3,10)

= 42.10; and 38.5 ± 6.6 s, F
(3,10)

= 25.69, resp.; 𝑃 < 0.05,
𝑛 = 6), as compared to the sham (410 ± 33.16ms, 11 ± 1 Hz, 4.8
± 0.8 s, resp.; 𝑛 = 8) in wild type mice. Surprisingly, the CCI
caused a significant increase in the onset and a reduction in
the frequency and duration of the evoked activity (350 ± 20
ms, F
(3,10)

= 17.64; 14.0 ± 1.28Hz, F
(3,10)

= 25.95; and 8.3 ± 1 s,
F
(3,10)

= 20.47, resp.; 𝑃 < 0.05, 𝑛 = 7) of NS neurons with
respect to the shams in 𝐷𝑑𝑜−/− mice (Figures 1(e), 1(f), and
1(g)). Representative ratemeter records show the activity of a
single NS neuron in sham (Figures 1(a) and 1(b)) and in CCI
(Figures 1(c) and 1(d)) wild type and𝐷𝑑𝑜−/−mice.

3.2. Effect of the Ddo Gene Ablation on NS Neuron Activity of
Male Mice in Control and Neuropathic Pain Conditions. No
change in the spontaneous firing activity of NS neurons has
been found in sham wild type male mice (368 ± 28.2ms, 10.7
± 0.44Hz, 3.7 ± 0.48 s, resp.; 𝑛 = 7) (Figure 2) with respect
to the näıve (not shown). Instead, we found a significant
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Figure 1: Representative ratemeters showing the responses of a single spinal NS neuron to a mechanical noxious stimulation (von Frey
filaments 97.8mN/2 sec) in𝐷𝑑𝑜+/+ (a and c) and𝐷𝑑𝑜−/− (b and d) female mice 7 days after sham (a and b) or CCI (c and d) surgery.The lower
panels show the evoked activity (e), the duration (f), and the onset (g) of the evoked activity induced by the noxious stimulation inNS neurons
in sham andCCI𝐷𝑑𝑜+/+ or𝐷𝑑𝑜−/− femalemice. Small black arrows (a–d) indicate the noxious stimulation onmouse hind paw and grey scale
bar indicates 5min interval in ratemeter. Each point represents the mean ± S.E.M of 6–8 neurons of different groups of mice. P values < 0.05
were considered statistically significant (two-way ANOVA followed by Bonferroni posttest, for comparisons between groups). ∗indicates
significant differences versus sham/𝐷𝑑𝑜+/+, #significant differences versus sham/𝐷𝑑𝑜−/−, and ∘significant differences versus CCI/𝐷𝑑𝑜+/+.
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Figure 2: Representative ratemeters showing the responses of a single spinal NS neuron to a mechanical noxious stimulation (von Frey
filaments 97.8mN/2 sec) in𝐷𝑑𝑜+/+ (a and c) and𝐷𝑑𝑜−/− (b and d) male mice 7 days after sham (a and b) or CCI (c and d) surgery.The lower
panels show the evoked activity (e), the duration (f), and the onset (g) of the evoked activity induced by the noxious stimulation inNS neurons
in sham and CCI 𝐷𝑑𝑜+/+ or 𝐷𝑑𝑜−/− male mice. Small black arrows indicate the noxious stimulation on mouse hind paw and grey scale bar
indicates 5min intervals for ratemeter. Each point represents the mean ± S.E.M of 6–8 neurons of different groups of mice. P values < 0.05
were considered statistically significant (two-way ANOVA followed by Bonferroni posttest, for comparisons between groups). ∗indicates
significant differences versus Sham/𝐷𝑑𝑜+/+, #significant differences versus sham/𝐷𝑑𝑜−/−, and ∘significant differences versus CCI/𝐷𝑑𝑜+/+.

decrease in the onset and an increase in the duration and
the frequency of the evoked activity of NS neurons in sham
𝐷𝑑𝑜−/−mice (76± 8.3ms, F

(3,10)
= 98.33; 10.6± 0.84 s, F

(3,10)
=

91.5; and 18.4 ± 0.63Hz, F
(3,10)

= 50.87, resp.; 𝑃 < 0.05, 𝑛 = 6)
(Figure 2).

The CCI caused a significant reduction in the onset and
an increase in the frequency and in the duration of the evoked
activity in wild type mice (264 ± 28ms, F

(3,10)
= 150.99; 23 ±

0.9Hz; F
(3,10)

= 150 and 15.06± 1.23 s, F
(3,10)

= 73.25, resp.;𝑃 <
0.05, 𝑛 = 8) as compared to the sham group (368 ± 28.2ms,
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Figure 3: Mechanical (a and b) and thermal (c and d) nociceptive thresholds in female (C, a and c) andmale (D, b and d)𝐷𝑑𝑜+/+ and𝐷𝑑𝑜−/−
naive mice. Number of mice for experimental groups: 𝑛 = 21 (C𝐷𝑑𝑜+/+), 𝑛 = 18 (D𝐷𝑑𝑜+/+), 𝑛 = 23 (C𝐷𝑑𝑜−/−), and 𝑛 = 15 (D𝐷𝑑𝑜−/−).
∗𝑃 < 0.05.

10.7 ± 0.44Hz, 3.7 ± 0.48 s, resp., 𝑛 = 6). Male 𝐷𝑑𝑜−/− mice,
7 days after CCI, showed a significant increase in the onset of
the evoked activity of NS neurons (264 ± 28ms, F

(3,10)
= 44.7,

𝑃 < 0.05, 𝑛 = 6) as compared to sham.A significant reduction
in the duration of the evoked activity (9 ± 1 s, F

(3,10)
=

14.33, 𝑃 < 0.05, 𝑛 = 6) was also observed 7 days after CCI
in 𝐷𝑑𝑜−/− male mice. No significant changes were instead
observed in the frequency of the evoked activity in 𝐷𝑑𝑜−/−
male mice 7 days after the CCI (Figure 2). Representative
ratemeter records show the activity of single NS neuron in
wild type and𝐷𝑑𝑜−/−malemice 7 days after the sham or CCI
surgery (Figures 2(a), 2(b), 2(c), and 2(d)).

3.3. Effect of the Ddo Gene Ablation on Mechanical With-
drawal Threshold and Thermal Withdrawal Latency. First,

we have investigated whether wild type mice differ in the
nociceptive mechanical and thermal threshold depending on
sex. A significant difference was observed for the behavioral
response to mechanical stimulus in the aesthesiometer test,
with females having a lower threshold in comparison with
males (t value: −3.542; 𝑃 < 0.01), while no differences were
detected for the thermal stimulus (t value: −1.161; 𝑃 = 0.253).
With regard to the deletion of the Ddo gene, we observed a
higher sensitivity to both mechanical and thermal stimuli in
male𝐷𝑑𝑜−/− naivemice (t value:−2.982;𝑃 < 0.05 and t value:
−2.728; 𝑃 < 0.01, resp.) in comparison with male wild type
naive animals (Figures 3(b) and 3(d)). On the contrary, the
mechanical and thermal thresholds in female 𝐷𝑑𝑜−/− naive
mice did not differ (t value: −1.560; 𝑃 = 0.126 and t value:
−0.297; 𝑃 = 0.767, resp.) from those observed in female
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Figure 4: Time course ofmechanical withdrawal thresholds (expressed as applied force in grams) of the ipsilateral hind paws after the chronic
constriction injury (CCI) of the sciatic nerve in female (a) and male (b)𝐷𝑑𝑜+/+ and𝐷𝑑𝑜−/− mice. Number of mice for experimental groups:
𝑛 = 10 (C𝐷𝑑𝑜+/+), 𝑛 = 11 (C𝐷𝑑𝑜−/−), 𝑛 = 13 (D𝐷𝑑𝑜+/+), and 𝑛 = 10 (D𝐷𝑑𝑜−/−). ∗𝑃 < 0.05.

control naive mice (Figures 3(a) and 2(c)), suggesting that
high D-Asp-mediated nociceptive response may be linked to
sex-related factors.

3.4. Neuropathic Pain. The unilateral ligature of the sciatic
nerve, performed in CCI model of neuropathic pain, induces
mechanical allodynia in the hind paw ipsilaterally to the
ligature. The time course of the mechanical withdrawal
thresholds of both ipsilateral and contralateral hind paws,
in 𝐷𝑑𝑜+/+ and 𝐷𝑑𝑜−/− mice, has been measured for 31
days and reported in Figure 4. In all experimental groups
the mechanical withdrawal thresholds decreased after CCI
by about 50% in the ipsilateral, compared to contralateral
hind paw. Animals withdrew their ipsilateral paw after very
low stimuli (4-5 g and 5-6 g for females and males, resp.),
which did not evoke reaction in contralateral paw; for this
reason we considered only the response of the ipsilateral hind
paw to measure mechanical allodynia. In mutant animals
we observed a slight decrease in mechanical withdrawal
threshold, even if two-way ANOVA for repeated measures
showed a significant main effect for time (F

(7,133)
= 4,735;

𝑃 < 0.01 and F
(7,147)

= 2,491; 𝑃 < 0.01 for females and males,
resp.) but not for genotype (F

(1,133)
= 1,644; 𝑃 = 0.215 and

F
(1,147)

= 1,362; 𝑃 = 0.256 for females and males, resp.) or for
time 𝑥 genotype interaction (F

(7,133)
= 1,932; 𝑃 = 0.06 and

F
(7,147)

= 1,332; 𝑃 = 0.238 for females andmales, resp.). When
a comparison between 𝐷𝑑𝑜−/− and𝐷𝑑𝑜+/+ mice was carried
out day by day, a significant difference (𝑃 < 0.05) was found
at day 3 and at day 21 after CCI in male mice. Indeed,𝐷𝑑𝑜−/−
animals showed a further decrease in mechanical allodynia
induced by the sciatic nerve ligation, in comparisonwith wild
type animals.

3.5. Inflammatory Pain. To study behavioral response to
inflammatory pain, we carried out the formalin test. Subcuta-
neous injection of formalin into the dorsal surface of the hind
paw elicits a well-known biphasic behavioral response, as pre-
viously reported [25]. Figure 5 shows the cumulative licking
time induced by formalin test during phase 1 (0–10min) and
phase 2 (10–40min) induced by formalin. Our data indicate
that, in both genders, the nocifensive responses observed
during the second phase were significantly higher in 𝐷𝑑𝑜−/−
mice, when compared to wild type littermates (F

(1,18)
=

6,590; 𝑃 < 0.01 and F
(1,18)

= 5,985; 𝑃 < 0.05 for females and
males, resp.). Conversely, no differences between genotypes
were observed in the nocifensive responses recorded during
the first phase, independently of the sex (F

(1,18)
= 0,006; 𝑃 =

0.938 and F
(1,18)

= 0,010; 𝑃 = 0.9206 for females and males,
resp.).

4. Discussion

In the present work, we found that higher D-Asp levels in
𝐷𝑑𝑜−/− mice reduce nociceptive threshold in physiological
and chronic pain conditions. In addition, we demonstrated,
by in vivo single unit electrophysiological recordings, that
Ddo gene ablation consistently affects the spinal NS neuron
activity in both sham and neuropathic male and female
animals. Furthermore, we reported that both 𝐷𝑑𝑜−/− female
andmalemutants show increased evoked activity of spinalNS
neurons, as compared to wild type animals, thus suggesting
that increased D-Asp levels play a role in the transmission of
noxious signals in the spinal cord in physiological condition.
This hyperexcitability of NS neurons in the dorsal horn of the
spinal cord was also associated with a significant reduction in
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Figure 5: Cumulative time of the nocifensive response during phase 1 (0–10min) and phase 2 (10–40min) (b and d) in female (a and b) and
male (c and d)𝐷𝑑𝑜+/+ and𝐷𝑑𝑜−/− mice. Number of mice for experimental groups: 𝑛 = 10 (C𝐷𝑑𝑜+/+), 𝑛 = 10 (C𝐷𝑑𝑜−/−), 𝑛 = 10 (D𝐷𝑑𝑜+/+),
and 𝑛 = 10 (D𝐷𝑑𝑜−/−). ∗∗𝑃 < 0.01.

both mechanical and thermalnociceptive thresholds in male
𝐷𝑑𝑜−/− mice, as compared to wild type. Interestingly, the
hyperexcitability of NS neurons in the dorsal horn of the
spinal cord was not associated with reduced thermal and
mechanical thresholds in female𝐷𝑑𝑜−/− mice, highlighting a
sex-dependent effect for this response. Overall, these findings
indicate that high free D-Asp levels in mutant mice mediate
an altered electrophysiological response and behavioral pain
perception in basal conditions.

The molecular targets on which D-Asp could act are not
fully known. However, NMDAR has been proposed to be
involved in D-Asp-mediated central effects [26–28]. Accord-
ingly, we have previously demonstrated that increased D-Asp
levels enhance the NMDAR-dependent LTP in hippocampal
slices [6–8]. Events comparable to LTP into the spinal
cord have been proposed as cellular mechanisms leading to
pain amplification in chronic pain conditions. Hyperalgesia
and tactile allodynia are the main behavioral dysfunctions
related to central sensitization associated with chronic pain
[29, 30]. Consistently, NMDARs play a crucial role in the
central sensitization at spinal cord dorsal horn level and
NMDAR blockers have been suggested as pharmacological
tools able to attenuate neuropathic pain [31, 32]. In particular,
Pendersen and Gjerstad have previously shown that spinal
administration of GluN2B antagonist is able to normalize the
abnormal neuronal activity and attenuate the magnitude of
spinal cord LTP, following peripheral nerve injury [33].

Here we have examined the effect of D-Asp on the
spinal neuronal evoked activity in Ddo knockout mice in

pathological pain condition induced by chronic constriction
injury. Whilst neuropathy condition did not change or
slightly reduced the nociceptive threshold in mutants, in
comparison with wild type mice, paradoxically it strongly
normalized the neuronal oversensitization found in naı̈ve
𝐷𝑑𝑜−/− mice. Indeed, in mutant mice the decrease in the
onset and the increase in frequency and duration of the
evoked activity to mechanical noxious stimuli of NS neurons
found in sham were consistently reduced in CCI animals.
Although this observation remains to be clarified at molec-
ular level, we hypothesize the existence of NMDARs desen-
sitization processes in mutant spinal cord under neuropathy
state. In this respect, desensitization of macroscopic currents
in the presence of saturating concentrations of glutamate
and glycine agonists has been previously described [34]
and defined as glycine-independent or glycine-insensitive.
Therefore, we speculate that CCI could trigger a dramatic
increase in spinal glutamate release that, combined with the
high levels of D-Asp,may induce desensitization ofNMDARs
in𝐷𝑑𝑜−/− mice.

Desensitization of NMDARs in spinal cord of mutant
mice could explain also behavioural data showing that
neuropathic pain in 𝐷𝑑𝑜−/− was almost unaltered compared
to wild type mice except at day 3 and day 21.

Furthermore, in this study we have also examined
the nocifensive behavior induced by peripheral formalin
injection. The local injection of formalin into the hind
paw of rodents represents a model for inducing persistent
inflammatory pain, which generates a nociceptive biphasic
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response, oedema, and inflammation [35]. While no differ-
ence was observed in the early formalin phase, which is
caused by direct activation of nociceptive sensory afferents,
we found a significant increase of the late phase, which
is due to the release of inflammatory mediators and also
associated with central sensitization [36, 37]. The important
role of D-Asp in the inflammatory component of formalin
pain was put in evidence by the worsening of nocifensive
response in terms of time spent in licking the injected paw
in 𝐷𝑑𝑜−/− mice, as compared with wild type animals. In the
formalin pain model, the nocifensive response appears to
be associated with altered spinal neuronal activity [36, 38]
and thus the exacerbation of the nocifensive responses in
𝐷𝑑𝑜−/− mice, which express NS neurons hyperactivity, and
appears consistent. The disparity observed between sexes
may reflect hormonal and genetic factors together with a
different modulatory influence of the immune system [39,
40]. However, further studies are needed to explain the
differences in pain perception betweenmales and females and
thus investigate a possible relation betweenDdo gene deletion
and gender in pain mechanisms.

5. Conclusions

Our study using 𝐷𝑑𝑜−/− mice provides evidence that high
levels of D-Asp affect electrophysiological and behavioral
responses in physiological, inflammatory, and neuropathic
pain conditions. We found an increased evoked activity of
the NS neurons and a significant decrease of mechanical and
thermal thresholds in𝐷𝑑𝑜−/− mice, as compared to controls.
Ddo gene deletion exacerbated the nocifensive responses in
the formalin test and slightly reduced pain thresholds in neu-
ropathicmice.However, the spinal neuronal hyperexcitability
caused by the Ddo gene deletion was no more observed 7
days after the sciatic nerve lesion. In conclusion, based on the
agonistic role of D-Asp on NMDARs, the 𝐷𝑑𝑜−/− mice may
offer a substantial tool to further investigate the NMDAR-
mediated mechanisms involved in neuropathic pain.
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The new chemokine Prokineticin 2 (PROK2) and its receptors (PKR
1
and PKR

2
) have a role in inflammatory pain and

immunomodulation. Here we identified PROK2 as a critical mediator of neuropathic pain in the chronic constriction injury (CCI)
of the sciatic nerve in mice and demonstrated that blocking the prokineticin receptors with two PKR

1
-preferring antagonists (PC1

and PC7) reduces pain and nerve damage. PROK2 mRNA expression was upregulated in the injured nerve since day 3 post injury
(dpi) and in the ipsilateral DRG since 6 dpi. PROK2 protein overexpression was evident in Schwann Cells, infiltrating macrophages
and axons in the peripheral nerve and in the neuronal bodies and some satellite cells in the DRG. Therapeutic treatment of
neuropathic mice with the PKR-antagonist, PC1, impaired the PROK2 upregulation and signalling. This fact, besides alleviating
pain, brought down the burden of proinflammatory cytokines in the damaged nerve and prompted an anti-inflammatory repair
program. Such a treatment also reduced intraneural oedema and axon degeneration as demonstrated by the physiological skin
innervation and thickness conserved in CCI-PC1 mice.These findings suggest that PROK2 plays a crucial role in neuropathic pain
and might represent a novel target of treatment for this disease.

1. Introduction

Identification of the neurobiological processes engaged in the
pathological state that occurs during neuropathic pain may
provide future therapeutic targets. Chemokines and their
receptors are receiving growing interest as modulators of
neuronal plasticity and for their ability to enhance nocicep-
tive transmission under conditions of neuropathic pain [1].
In particular a new family of chemokines, Prokineticin 2
(PROK2) also known as Bv8 and its receptors, two G-protein

coupled receptors, PKR
1
and PKR

2
, emerged as key signals in

immune system and inflammatory diseases [2].
In an animal model of CFA-induced paw inflammation,

we brought evidence that Bv8/PROK2, upregulated in gran-
ulocyte invading the inflamed tissue is a major determinant
in triggering and maintaining inflammatory pain [3]. Neu-
trophils and macrophages are the major sources of PROK2
which is strongly upregulated in inflammatory diseases and
tumours, associated with infiltrating cells [4, 5]. In vivo and in
vitro experiments from our and other groups demonstrated
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potent chemotactic and immunomodulatory activities of the
prokineticins, able to promote the production of proin-
flammatory cytokines from different immune cells and to
modulate T cell function by reducing anti-inflammatory
cytokines production and promotingTh1 responses [5–7].

The typical immune cell response to tissue injury is
largely conserved in the lesioned peripheral nervous sys-
tem: many neutrophils from the circulation invade the area
immediately around the nerve injury site within 8–24 hours
and haematogenous macrophages by 3-4 days post injury,
whereas lymphocyte accumulation in the injured nerve is
delayed by a week or more [8].

We can reasonably presume that PROK2 released by
haematogenous neutrophils invading the damaged nerve
triggers inflammation and contributes to pain.

Besides, in the immune system, PROK2 is also expressed
in discrete nuclei into the brain and is constitutively
expressed, at very low levels, in some DRG neurons also
expressing the vanilloid receptor TRPV1 [9–11]. PROK2binds
PKR
1
and PKR

2
, expressed in small and medium cells of rat

dorsal root ganglia (DRG) and within the superficial laminae
in the spinal dorsal horn [2, 12]. Peripheral administration
of the mammalian PROK2 or its amphibian homologue Bv8
in rodents induced hyperalgesia and allodynia by activat-
ing the PKRs on peripheral nociceptors. In vitro analysis
of functional PKRs on DRG neurons shows a remarkable
overlap in neurons that respond both to Bv8 and capsaicin
(∼90%) and to Bv8 and mustard oil (∼60%) indicating a high
degree of colocalization of functional PKRs with TRPV1 and
TRPA1 channels [13] supporting the possibility that these
receptors contribute to nociceptive signalling. Moreover Bv8,
increasing CGRP and SP expression, induced long-lasting
sensitization of nociceptors resulting in enhanced responses
to evoking stimuli, including Bv8 itself or capsaicin, so
providing a basis for long-lasting hypersensitivity that may
result in conditions of tissue injury [14].

We have recently demonstrated in an animal model of
neuropathic pain, the chronic constriction injury of the sci-
atic nerve (CCI), that 10 days after nerve injury an important
activation of the prokineticin system is evident at peripheral
and central level and that pharmacological blocking of the
prokineticin receptors with the antagonist PC1 abolishes pain
and controls some pathophysiological processes underlying
the neuropathy.

Herewe analysed the time-course of PROK2upregulation
in theDRG and in the injured sciatic nerve ofmice repeatedly
treated with saline or with PC1 for 7 days and demonstrated
that the antihyperalgesic effect of PC1 temporally correlates
with its ability to reduce the neuropathy-induced increase
of PROK2 expression. The recent availability of a new
prokineticin receptor antagonist, PC7, endowed with higher
affinity and selectivity for the PKR1 pushed us to evaluate its
antihyperalgesic effect in comparisonwith that of PC1 [15, 16].
Finally, because CCI of sciatic nerve decreases the density
of paw skin innervation and induces epidermal thinning we
also compared the fibre-density in the dermis and the skin
thickness of the injured paw of mice treated with PC1 or with
saline in comparison with sham operated mice.

2. Methods

2.1. Animal Preparation. Experiments were carried out in
male CD1 mice (25–30 g, Harlan Laboratories, Italy) accord-
ing to protocols approved by the Animal Care and Use
Committee of the Italian Ministry of Health and in
compliance with the IASP and European Community
(E.C.L358/118/12/86) guidelines. All efforts were made to
minimize animal suffering and to reduce the number of
animals used. Animals were housed individually in cages,
under conditions of optimum light, temperature, and humid-
ity (12 : 12 h light/dark cycles, 22± 2∘C, 50–60%)with food and
water ad libitum and acclimatized to the environment for 4-5
days before surgery or pharmacologic treatment.

2.2. Neuropathic Pain Model

2.2.1. Chronic Constriction Injury of the Sciatic Nerve (CCI).
Mononeuropathy was induced by the CCI of the sciatic nerve
[17] in CD1 mice anesthetized by intraperitoneal injection
of ketamine-xylazine (60mg kg−1 + 10mg kg−1). The sciatic
nerve was exposed and three loose ligatures with 4–0 silk
suture thread were made around the nerve with a 1.0–1.5mm
interval between each of them. In sham-operated mice, an
identical dissection was performed on the same side, except
that the sciatic nerve was not tied.

2.3. Nociceptive Behavioural Tests. Behavioural experiments
were carried out by researchers blind to treatments, between
10 am and 2 pm, in a reserved quiet temperature-controlled
room. Mice were habituated to the testing environment and
were handled daily two times for at least three days before
baseline testing.

For testing heat sensitivity, animals were put in plastic
boxes and allowed 30min for habituation before exami-
nation. Heat sensitivity was tested by radiant heat using
Hargreaves apparatus (Ugo Basile, Italy) and expressed as
paw withdrawal latency (PWL). The radiant heat intensity
is adjusted so that basal PWL is between 10 and 12 s with a
cutoff of 20 s to prevent tissue damage. For testing mechan-
ical sensitivity, animals were put in boxes on an elevated
metal mesh floor and allowed 30min for habituation before
examination. Mechanical allodynia was assessed using the
Dynamic Plantar Aesthesiometer (Ugo Basile Italy). The
filament was applied to the skin of the midplantar area of
the hind paw, and it began to exert an increasing upward
force, reaching a maximum of 30 g in 10 s, until the paw
was withdrawn. The paw withdrawal threshold (PWT) was
defined as the force, in grams, at which the mouse withdrew
its paw. PWL and PWT of ipsilateral and contralateral paws
were measured thrice, and the reported value is the mean of
the three evaluations.

2.4. Experimental Design. The PKR antagonists PC1 [16] and
PC7 were injected in mice subcutaneously (s.c., 50 𝜇L for 10 g
body weight) into the flank region of the mouse.

PC1 was administrated chronically at the dose of
150 𝜇g kg−1, s.c., twice a day for 7 days.
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Increasing doses of PC7 (5, 15, and 45𝜇g kg−1) were
administrated s.c. as a single bolus in different groups ofmice,
on day 3 post injury (dpi). Then we chose the highest, more
effective dose (45𝜇g kg−1 s.c.) for the repeated treatment,
twice a day for 4 days.

PC7 (2-(5-(4-fluorobenzyl)-1-(4-methoxybenzyl)-1,4,5,6-
tetrahydro-4,6-dioxo-1,3,5-triazin-2-ylamino)-ethyl)-guan-
idine) is a triazinic compound which displays higher affinity
for the PKR

1
(IC
50

= 56 ± 12 nM, in displacement of 125I-
MIT; IC

50
= 66 ± 12 nM in BRET assay) than for PKR

2

(IC
50

= 5230 ± 700 nM in displacement of 125I-MIT; IC
50

=
4135 ± 600 nM in BRET assay) and is able to antagonize the
Bv8-induced hyperalgesia at doses ten times lower than PC1
[15].

Mice were divided as follows: (i) CCI mice treated with
saline (CCI-saline, 𝑛 = 8); (ii) CCI mice treated with PC1
150 𝜇g kg−1 s.c., twice a day for 7 days or PC7 45𝜇g kg−1 s.c.,
twice a day for 4 days, starting fromday 3 afterCCI (CCI-PC1,
CCI-PC7, 𝑛 = 8/group); (iii) Sham-operated mice treated
with saline (𝑛 = 5); (iv) Sham-operatedmice treatedwith PC1
150 𝜇g kg−1 s.c., twice a day for 7 days or PC7 45𝜇g kg−1 s.c.,
twice a day for 4 days, starting from day 3 after sham surgery
(𝑛 = 5/group) (data not shown).

In sham, CCI-saline, and CCI-PC1 or CCI-PC7 animals,
mechanical allodynia and thermal hyperalgesia were assessed
before and from days 1 to 12 after CCI.

2.5. Biochemical and Histochemical Evaluation

2.5.1. RNA Extraction and Real-Time PCR. Total RNA was
extracted from L4-L5 DRG and sciatic nerve, pooled from
two mice, using the Trizol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instruction. RNA
yield and purity were determined by spectrophotometry
absorption at 260 and 280 nm. To obtain cDNA, 1 𝜇g of
mRNA underwent to Reverse Transcription (Promega,
Madison,WI).The resulting cDNAwas stored at −20∘C until
used for the further analysis. Messenger RNA expression
was quantitatively measured with quantitative (q) real time
PCR using iCycler Bio-Rad. The reaction was performed in
a 25 𝜇L volume using SensiMix SYBR Green & Fluorescein
kit (Bioline, London, UK). All the measures were performed
in triplicate. The reaction conditions were as follows: 95∘C
for 10min (Polymerase activation), followed by 40 cycles
at 95∘C for 15min, 55–50∘C (temp. depends on the Tm
of primers) for 15 sec and 72∘C for 15 sec. The reaction
mixture without the cDNA was used as control. The
primer sequences used in this study were as follows for
PROK2: forward 5-CTCGGAAAGTTCCATTTTGG-3
and reverse 5-TTCCGGGCCAAGCAAATAAACC-3,
Glyceralde-hydes-3-phosphate dehydrogenase (GAPDH):
forward 5-GCCAAGGCTGTGGGCAAGGT-3 and reverse
5-TCTCCAGGCGGCACGTCAGA-3. The Ct value of the
specific gene of interest was normalized to the Ct value
of the endogenous control, GAPDH, and the comparative
Ct method (2-ΔΔCt) was then applied using sham mice
group as calibrator. Results are mean ± SEM of at least 3
experiments.

2.5.2. Cytokine Protein Measurement. Ten days after injury
nerve samples were homogenized in ice-cold phosphate-
buffered saline containing a protease inhibitor cocktail
(Roche Diagnostics, Monza, Italy). IL-6, IL-1𝛽, IL-10 TNF𝛼,
and IL-17 protein contents were determined by a multiplex
enzyme-linked immunosorbent assay using ultrasensitive
murine ELISA (Milliplex, Millipore, Vimodrone, Italy). A
standard curve ranging on average from 0.15 pg/mL to
3700 pg/mL was prepared and then fitted by Bio-Plex Man-
ager software.

2.5.3. Immunofluorescence. At 10 dpi DRG, sciatic nerve and
plantar skin were dissected from transcardially perfused
(PBS followed by 4% paraformaldehyde) mice embedded in
cryostat medium and frozen. Serial sections (20 𝜇m)were cut
using a cryostat and thaw-mounted onto glass slides. Prior to
immunofluorescence staining all sections were blocked with
3% normal donkey serum (serum source was the same as
the secondary antibody producing species), containing 0.3%
Triton X-100 for 1 h at room temperature. Then the sections
were incubated at 4∘C overnight with the following primary
antibodies diluted in PBS-0.3% Triton X-100: 1/200 rabbit
polyclonal anti-PROK2 (AbCam, Cambridge, UK), 1/400
mouse polyclonal anti-glial fibrillary acidic protein (GFAP)
(Immunological Sciences, Italy), 1/100 rat monoclonal anti-
CD11b (BD Pharmigen, Italy), 1/300 mouse monoclonal anti-
S100𝛽 (Sigma-Aldrich, Milano, Italy), 1/200 mouse mon-
oclonal [NF-200] to hypophosphorylated neurofilament H
(AbCam, Cambridge, UK), and 1/300 goat polyclonal anti-
CGRP (AbCam, Cambridge, UK). The sections were then
incubated for 2 h at room temperature in 1 : 200 anti-
species IgG antibodies coupled to Alexa Fluor-488 or 555
(Immunological Sciences, Italy). Nuclei were stained with
DAPI 1/500. The stained sections were examined at confocal
laser scanning microscope (Leica SP5, Leica Microsystems,
Germany). Immunofluorescence intensity or immunoreac-
tive area was measured in five fields (300 𝜇m2) for every
section in at least 10 sections for every experimental group
(http://imagej.nih.gov/ij/index.html free software).

The specificity of the anti-PROK2 antibody was tested
preadsorbing it with the protein PROK2 (500 ng) overnight
at 4∘C before incubation with tissue.

2.5.4. Plantar Skin Histology. At 10 dpi the skin samples from
plantar surface of sham, CCI-saline, and CCI-PC1 mice were
embedded in paraffin in a correct orientation, so that they
could be sectioned perpendicular to the skin surface.Plantar
skin sections (5 𝜇m) were deparaffinized, hydrated and
stained by a brief immersion in Mayer’s hematoxylin and
eosin, followed by a brief dehydration in ethanol and xylene,
andmounted with DPXmountingmedium (Sigma, St. Louis,
MO, USA). Sections were photographed at 20xmagnification
(Olympus U-CMAD3, Japan). Epidermal thickness, indi-
cated as the distance between the dermoepidermal junction
and the top of the outer most granular layer, was evaluated
in three sections per tissue sample. On each image 4-5
measurements were made along the strip of epidermis to
assess the average thickness. Data were expressed as mean ±
SEM.
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2.6. Evans Blue Assay. The permeability of blood nerve
barrier (BNB) was determined by Evans Blue dye extrava-
sation in sciatic nerve, 3 dpi. Evans Blue dye (4%, 5mL/kg)
was injected into the tail vein of anaesthetized mice. After
30min animals were perfused with PBS. The sciatic nerves
were removed and incubated in 1mL formamide (Sigma-
Aldrich) at 60∘C for 24 h. Evan’s Blue concentration was
determined using a spectrophotometer (ShimadzuUV-160A)
at a wavelength of 620 nm.

The data are expressed as 𝜇g of Evans Blue per g of tissue.

2.7. Statistic. Results are expressed as mean ± SEM. When
appropriate, One-way ANOVA followed by Tukey’s posttest
for multiple comparisons or Two-way ANOVA followed
by Bonferroni’s posttest repeated measures were performed
using GraphPad Prism 5 for Windows version 5.4. Differ-
ences were considered significant at ∗∘𝑃 < 0.05, ∗∗∘∘𝑃 < 0.01,
and ∗∗∗∘∘∘𝑃 < 0.001.

3. Results and Discussion

3.1. Nociceptive Behavioural Results. Figure 1 shows that,
since day 3 after CCI, thermal and mechanical nociceptive
thresholds decrease of 40%–50% in the ipsilateral compared
to contralateral hind paw. Both allodynia and thermal hyper-
algesia were observed at the following postlesion time points:
3, 6, 10, and 12 days.

Therapeutic treatment of CCI mice with PC1 from day
3 (when hyperalgesia peaks) to day 9 post injury (dpi)
abolished thermal and also mechanical hyperalgesia so that
from 6 up to 12 dpi PWL and PWT of injured paw did not
differ from those of sham mice (Figure 1).

Availability of a new Bv8 antagonist, named PC7, able
to antagonize the Bv8-induced hyperalgesia at doses ten
times lower than PC1 and endowed with higher selectivity
for the PKR

1
[15] pushed us to evaluate its efficacy in this

neuropathic pain model. Single bolus s.c. injections of PC7 at
3 dpi, when thermal andmechanical hyperalgesia reached full
development, dose-dependently reduced pain (Figures 2(a),
and 2(b)) at doses (5, 15, and 45 𝜇g kg−1) about 3 times lower
than the doses of PC1 which we have already demonstrated
able to reduce/abolish the CCI-induced thermal and tactile
hyperalgesia [16]. The antihyperalgesic effect of the highest
dose (45 𝜇g kg−1, s.c.) peaked in 15 minutes and lasted for
3 h. Then we treated the mice with the highest dose (45 𝜇g
kg−1, s.c) two times/day for only four days (3 to 6 dpi) and
measured the nociceptive threshold every morning up to
12 dpi. Like PC1, PC7-treatment abolished the nerve-injury-
induced thermal and mechanical hyperalgesia within 2 days
and continued to confer protection over the observation
period, up to 12 dpi (Figures 2(c), and 2(d)). Repeated
administration of PC1 or PC7 did not change the thermal and
mechanical nociceptive thresholds of sham mice (data not
shown).

The prompt reversal of pain after acute administration
depends on blocking the PKRs on peripheral sensory neu-
rons. Indeed, as we have already demonstrated both receptors
mediate the Bv8/PROK2-induced decrease of nociceptive
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Figure 1: Repeated systemic injections of PC1 (150 𝜇g kg−1, twice a
day) from 3 to 9 dpi reverted the CCI-induced thermal hyperalgesia
(a) and mechanical allodynia (b) in two days. The antihyperalgesic
effect lasted after treatment withdrawal, for all the observation
period. Data representmeans± SEMof 6–9mice. Two-wayANOVA
was used for statistical evaluation, followed by Bonferroni’s test.
∘∘∘𝑃 < 0.001 CCI-PC1 versus CCI-saline mice.

threshold: PKR
1
in cooperation with TRPV1 is the recep-

tor mainly responsible for thermal hyperalgesia and PKR
2

mainly contributes to mechanical allodynia [16].

3.2. PROK2 mRNA Time-Course in DRG and Sciatic Nerve.
In a previous paper we have already demonstrated that at
10 dpi PROK2 was overexpressed in the periphery and in the
spinal cord of neuropathic mice but was maintained close to
physiological levels in neuropathic mice treated with PC1 for
7 days.

Here we studied in detail the time-course (from day 1 to
17) of injury-induced PROK2 mRNA overexpression in the
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Figure 2: Antihyperalgesic effect of PC7. A single bolus s.c. injection of PC7 (5, 15, and 45 𝜇g kg−1) on day 3 after CCI dose-dependently
reverted the established CCI-induced thermal hyperalgesia (a) and mechanical allodynia (b). The highest dose of PC7 (45 𝜇g kg−1) abolished
hyperalgesia for about 3 h. Repeated systemic injections of PC7 (45 𝜇g kg−1, twice a day) from 3 to 7 dpi significantly reduced the CCI-induced
thermal hyperalgesia (c) and mechanical allodynia (d) for all the observation period. Data represent means ± SEM of 5 mice. Two-way
ANOVA was used for statistical evaluation, followed by Bonferroni’s test. ∘𝑃 < 0.05; ∘∘𝑃 < 0.01; ∘∘∘𝑃 < 0.001 CCI-PC7 versus CCI-saline
mice.

peripheral nervous system. PROK2 levels in the peripheral
nervous system of healthy animals were negligible. RT-PCR
gave 33.49±0.09Ct in the sciatic nerve and 33.97±0.41Ct in
the DRG. However, as reported in Figure 3(a), in the sciatic
nerve the PROK2 expression was significantly increased at
3 dpi (about 3-fold) when thermal and mechanical hyperal-
gesia were already evident, reached its maximal expression
(8 fold) at 10 dpi, and then started to decrease up to 17 dpi.
In the ipsilateral L4-6 DRG it started to increase later, at
6 dpi, and showed a constant tendency to increase up to 17 dpi
(Figure 3(b)). The fact that PROK2 overexpression in DRG
was delayed and lasted longer than in sciatic nerve indicates

the presence of a flow of activation that, starting from the
periphery, moves towards the centre. The early increase of
PROK2 expression in the injured nerve is probably associated
with neutrophils and Schwann Cells (SC) which express
PROK2 (see afterwards) and which begin to dedifferentiate
and to proliferate within 48 h of injury reaching the peak
of proliferation around 4 dpi [8]. Given that PROK2 pro-
motes survival and migration of granulocytic and monocytic
lineages, the injury induced increase of PROK2 in the nerve
might activate PKR

1
expressed on different immune cells thus

promoting the further recruitment of new ones. Infiltration
of macrophages rich in PROK2 together with the subsequent
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Figure 3: Time-course of PROK2 mRNA expression in injured sciatic nerve and ipsilateral DRG of CCI-saline mice and CCI-PC1 mice.
PROK2 levels in the peripheral nervous system of healthy animals were negligible (33.49 ± 0.09 Ct in sciatic nerve, 33.97 ± 0.41 Ct in DRG).
In the sciatic nerve (a) PROK2 expression was significantly increased at 3 dpi, reached its maximal expression at 10 dpi, and then started to
decrease up to 17 dpi. In the ipsilateral L 4–6 DRGs (b) PROK2 mRNA was significantly increased at 6 dpi and showed a constant tendency
to increase up to 17 dpi. Data are mean ± SEM of 5 animals. One-way ANOVA was used for statistical evaluation, followed by Tukey test for
multiple comparisons. ∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001 CCI-saline versus sham; ∘𝑃 < 0.05 CCI-PC1 versus CCI-saline.

PROK2 upregulation in the nerve (see afterwards) answers
for the further increase in PROK2 mRNA that gets to
maximum level in the nerve at 10 dpi. The PROK2 mRNA
levels in the sciatic nerve and DRG of PC1 treated mice did
not differ from the PROK2 levels of sham animals at any time
points.

Then we performed a detailed analysis of the cellular
localization and modulation of PROK2 in the peripheral
nervous system at 10 dpi, the time of its maximal expression.

3.3. PROK2 Localization in Dorsal Root Ganglia. At
10 dpi, immunohistochemical analysis demonstrated a
strong increase of immunoreactive protein PROK2 in the
ipsilateral DRG of neuropathic mice respect to DRG of
sham-operated mice, where the PROK2 signal was very
faint (Figures 4(a), and 4(b)). Moreover in the ipsilateral
DRG, the number of PROK2 positive neurons was frankly
increased respect to sham mice, with immunofluorescence
distributed in the whole cell body. PROK2 showed a
cytoplasmatic vesicular pattern, characteristic of proteins
that are packaged and transported/released. PROK2
fluorescence was also increased in some GFAP positive cells
around the neuronal bodies (Figure 4, arrows) indicating
that PROK2 is expressed also by satellite cells. In PC1-treated
mice PROK2 signal was significantly reduced mainly in
neurons, compared to the saline-treated neuropathic mice
(Figure 4(c)) as demonstrated by comparison of PROK2
immunofluorescence intensity in sham, CCI-saline, and
CCI-PC1 mice (Figure 4(d)).

3.4. PROK2 Localization in Sciatic Nerve. In the sciatic nerve
of sham-operated mice PROK2 immunoreactivity (green)
was very faint and appeared colocalized inGFAPpositive cells
(yellow) (Figure 5(a)) whereas on 10 dpi a heavy infiltration of
PROK2-positive cells (green colour, Figure 5(b)) was evident
in the neuroma in the immediate proximity of the injury.The
PROK2 positive cells are macrophages as demonstrated, in
Figure 5(d), by double staining (yellow) with themacrophage
marker CD11b (red). But they are also activated Schwann cells
(SC) GFAP-positive (Figure 5(e)) and myelinating SC iden-
tified by S100𝛽 (Figure 5(f)). One week repeated treatment
with the PKR-antagonist dramatically reduced the PROK2
immunofluorescence but not the number of infiltrating
cells (Figure 5(c)). However, comparing the percent CD11b-,
GFAP-, and S100𝛽-positive area in injured nerve from saline-
treated mice with respect to injured nerve from PC1-treated
mice showed that the %GFAP-positive area was significantly
reduced by PC1-treatment suggesting a lesser activation of
SC whereas the pharmacological treatment had not affected
macrophage recruitment nor myelinating SC (Figures 6(a)–
6(i)). Lesser activation of SC may be a proof of lesser axonal
degeneration in PC1-treated animals.

In longitudinal sections of the sciatic nerve (Figures 7,
8, and 9), immunofluorescence staining of nerve proximal
and distal to the lesion demonstrated a dramatic increase
of PROK2 signal (green) in the endoneurial space. The
green signal was distributed in elongated structures, probably
axons, and appeared more intense in the proximal than distal
nerve suggesting that it is transported fromDRG towards the
peripheral terminals.
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Figure 4: Representative sections of mouse L4-L5 ipsilateral DRG, at 10 dpi, from sham (a), CCI-saline (b), and CCI-PC1 (c) mice.
Immunofluorescence double-staining of PROK2 (green)withGFAP (marker for satellite cells, red). Cell nuclei were counterstainedwithDAPI
(blue fluorescence). In DRG of sham-operated mice the PROK2 signal was very faint, localized only along cell membrane of some neurons,
mainly small sized (arrowheads), and in few GFAP+ satellite cells (arrow) (a). In neurons of CCI-saline mice, PROK2 immunofluorescence
was significantly increased and showed a vesicular cytoplasmatic patternwhich is dense in proximity of the neuronalmembrane (arrowheads).
The number of PROK2+ satellite cells is increased (arrows). PROK2 signal in CCI-PC1mice was comparable with that of shammice (c). Scale
bar, 30 𝜇m. (d) Evaluation of PROK2 fluorescence intensity. One-way ANOVA was used for statistical evaluation, followed by Tukey test for
multiple comparisons ∗∗∗𝑃 < 0.001 CCI-saline versus sham mice; ∘∘∘𝑃 < 0.001 CCI-PC1 versus CCI-saline mice.

Double staining with GFAP demonstrated PROK2 in
SC (yellow) scattered between fibres in the proximal nerve
(Figure 7(a)) and mainly aligned to form a band in the
distal nerve (Figure 7(c)), probably the bands of Büngner,
which provide a supportive substrate and growth factors
for regenerating axons [18]. In the injured sciatic nerve
from PC1-treated mice the PROK2 immunofluorescence was
dramatically reduced both in the fibres and in the SC (Figures
7(b) and 7(d)).

In the distal but not proximal injured nerve we found
large CD11b+ cellsmany of which are also positive for PROK2
in neuropathic mice (Figure 7(e)), whereas the CD11b+ cells
did not show any costaining with PROK2 in PC1-treated neu-
ropathic mice (Figure 7(f)), confirming that PC1 treatment
prevented the PROK2 upregulation also in macrophages.

In CCI-mice double-stained with NF200, which rec-
ognizes the heavy chain of neurofilaments in myelinated
fibres [19], strong PROK2-green signal was localized between
NF200 positive fibres. This staining was not found in the
nerve of PC1-treated mice (Figures 8(a)–8(e)).

Double staining with CGRP, which recognizes peptider-
gic neurons, demonstrated the presence of PROK2 protein in
CGRP-immunoreactive (IR) fibres in proximal and in distal
injured nerve of saline treated mice. PROK2 signal was very
low in injured nerve of PC1-treated mice (Figures 9(a)–9(e)).

These analyses clearly demonstrate that during nerve
injury a large amount of PROK2 is expressed by almost all
cell types present in the nerve, both resident and infiltrating,
for a sustained period of time.

Bv8/PROK2-PKRs are therefore ligand/receptor pairs in
the regulation of pain sensation [20, 21] and the transient
receptor potential vanilloid 1 (TRPV1) is a critical molecular
link between PKRs and primary sensory neuron activation

[13]. TRPV1 is upregulated by nerve injury and TRPV1, as
well as the PKRs, is also expressed in sensory nerve axons
of peripheral nerves, not only at peripheral terminal [16, 22].
It is quite possible, therefore, that axonal TRPV1, just like
peripheral terminal TRPV1, may also become sensitized by
the persistent activation of the PKRs due to the presence of
PROK2. PC1/PC7 reducing PROK2 availability and blocking
the PKRs prevents nociceptor sensitization.

3.5. Cytokines in the Sciatic Nerve. Injury of the peripheral
nervous system induces immune and nonimmune cells to
produce cytokines at and distal to lesion sites. Proinflam-
matory cytokines contribute to axonal damage and they also
stimulate spontaneous nociceptor activity [23].

We and others have analyzed the time-course of the
production of pro- and anti-inflammatory cytokines in the
nervous tissues after sciatic nerve injury [24, 25]. Schwann
cells, resident activated macrophages, and fibroblast rapidly
upregulate the expression and production of TNF𝛼, IL-1𝛽,
and G-CSF which are detected between 5 and 10 h after
injury. Inflammatory cytokines and chemokines advance the
recruitment of blood-borne macrophages that begins 2 to
3 days after the injury concomitantly with production and
secretion of IL-6 and IL-10 proteins. IL-17 positive cells have
been demonstrated in the endoneurium of the injured sciatic
nerve 7 days following CCI [26] and IL-17 has been demon-
strated to have a role in later phases of the processes of the
development of neuropathic pain [27]. As shown in Table 1,
in our experimental setting, at 10 dpi, we found still high
levels of IL-1𝛽, IL-6, and IL-17 but they were reduced at levels
nonsignificantly different from basal in animals treated with
the PKR antagonist. Moreover the pharmacological treat-
ment increased the levels of the anti-inflammatory cytokines
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Figure 5: Representative images of sciatic nerve section in the immediate proximity of the injury, from sham (a), CCI-saline (b), and CCI-
PC1 (c) mice at 10 dpi. (a) In the sciatic nerve of sham-operated mice PROK2 immunoreactivity (green) was very faint and colocalized with
GFAP (red) in elongated SC. (b) A heavy infiltration of PROK2-positive cells (green) was evident in the nerve from CCI-saline mice. (c) PC1
treatment significantly reduced the PROK2 immunoreactivity in these cells. Scale bar, 30𝜇m. Immunofluorescence double-staining showing
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S100𝛽 (Schwann cell marker, red) (f) in the immediate proximity of the injury in the sciatic nerve of CCI-saline mice. (d) CD11b (red), (e)
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Table 1: Sciatic nerve cytokine levels ten days after CCI and after seven-day PC-1 treatment.

Cytokine
pg/mg protein Sham CCI-Saline CCI-PC1

TNF𝛼 0 6.4 ± 3.1 0.97 ± 1.33∘

IL-1𝛽 64.26 ± 13.59 557.7 ± 121∗∗ 222.5 ± 110.31∘

IL-6 4.92 ± 3.37 13.35 ± 6.15∗ 4.30 ± 2.88∘

IL-17 0.97 ± 0.13 13.9 ± 1∗ 3.1 ± 1.8∘

IL-10 556.8 ± 50.35 326.8 ± 8.99∗ 867.3 ± 95.2∘∘∘

Values are means ± SD of 5 nerves.
∗
𝑃 < 0.05; ∗∗𝑃 < 0.01 CCI-Saline versus Sham; ∘𝑃 < 0.05, ∘∘∘𝑃 < 0.001 CCI-PC1 versus CCI-Saline.
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Figure 6: Immunostaining of activated macrophages (CD11b+, red), S100𝛽+ SC (red), and GFAP+ SC (red) in the neuroma from CCI-saline
and CCI-PC1mice ((a)–(h)). Repeated treatment with the PKR-antagonist significantly reduced the GFAP+ activated SC (i) but did not affect
S100𝛽+ SC or macrophage infiltration ((c), (f)).

IL-10, reestablishing the physiological balance between pro-
and anti-inflammatory cytokines and bringing the innate-
immune response to conclusion far earlier thanwhat happens
during spontaneous course of Wallerian degeneration. These
data suggest that PC1 is able to direct the polarization of
recruitedmacrophages towards theM2phenotype [28]which
is involved in tissue repair.

3.6. Skin Innervation and Thickness. CCI of the sciatic nerve
produces partial denervation of the paw skin and results
in a significant reduction in epidermal thickness of the

plantar surface of the injured paw [29]. Accordingly, in
our setting, epidermis of the paw ipsilateral to the injured
nerve was significantly thinner than that of contralateral paw
(32.1 ± 2.1 𝜇m versus 44.1 ± 3.3 𝜇m, 𝑃 < 0.05) at 10 dpi.
The overall organization of denervated epidermis preserved
normal histological organization, but the vital layers showed
reduction in thickness. PC1 treatment prevented the thinning
of the plantar skin (57.3 ± 2.4 𝜇m) (Figure 10).

According to data reported by Peleshok and Ribeiro-
da-Silva [30] immunohistochemical staining for CGRP and
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Figure 7: Representative images of CCI-induced upregulation of PROK2 in the longitudinally sliced sciatic nerve proximal and distal to the
lesion. At 10 dpi a dramatic increase of PROK2 signal (green, a and c) in fibres and in GFAP+ structures (yellow) was evident both proximal
and distal to the lesion.The PROK2 signal was dramatically reduced in the nerve fromCCI-PC1mice (green, b and d). Scale bar: 30𝜇m.High-
magnification images showed macrophages that infiltrate the nerve distal to the lesion (scale bar: 10 𝜇m). (e) Double immunofluorescence
labelling for PROK2 (green) and CD11b (red) showing that in the CCI-saline mice the infiltrating macrophages contain PROK2 (yellow). (f)
PROK2 signal was absent in macrophages infiltrating the nerve from CCI-PC1 mice. (e, f) CD11b (red), and (e, f) PROK2 (green) shown
in single channels. Cell nuclei were counterstained with DAPI (blue fluorescence).

NF200 of plantar skin of neuropathic mice at 10 dpi demon-
strated a virtual absence of CGRP-IR fibres and a dramatic
reduction of NF100-IR fibres (Figures 11(b) and 11(e)) in
comparison with sham-operated mice (Figures 11(a) and
11(d)). Conversely in PC1-treated neuropathic mice a thick
network of CGRP-IR fibres of higher density than that of
sham animals was seen and the NF200 innervation pattern
resembled that seen in the sham-operated mice also if the
signal appeared less intense (Figures 11(c) and 11(f)). These
results indicate that repeated treatmentwith PKR

1
-antagonist

protected from axonal damage.

3.7. Intraneural Oedema and Blood Nerve Barrier Permeabi-
lization. The constrictive ligatures around the sciatic nerve
evoke intraneural edema that causes the nerve to strangu-
late beneath the ligatures and induce axotomy of mostly
large-diameter myelinated axons, sparing mainly C-fibres.
Peripheral nerve injury and C-fibres activation increase the
blood-nerve barrier (BNB) permeabilization in 24–48 h [31].
The PKRs are expressed also on endothelial cells where they
may regulate cell proliferation and vascular leakage [32].
Because we know that systemic injection of PC1 rapidly
reduced oedema of the inflamed paw [3] here we decided to
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Figure 8: Confocal images of representative sections of longitudinally sliced sciatic nerve, proximal and distal to the lesion, immunostained
for PROK2 (green) and NF200 (red) from sham-operated, CCI-saline and CCI-PC1 mice at 10 dpi. Scale bar: 30 𝜇m. PROK2-green signal
was localized between NF200 positive fibers in CCI-saline mice but was not found in the nerve from CCI-PC1 mice.

verify if the treatment with PKR-antagonist might reduce the
blood-nerve barrier permealization consequent to periph-
eral nerve injury. As demonstrated by Figure 12, the Evans
Blue dye extravasation in the sciatic nerve is dramatically
reduced already after 2-day-treatment of neuropathic mice
with 150𝜇g kg−1 of PC1. Plasma extravasation depends on
activation of endothelial PKR

2
[32]. PC1, at the doses here

used in therapeutic schedule, may block also PKR
2
so

exerting further beneficial effect in maintaining the blood-
nerve barrier function and in reducing oedema.

Reduced intraneural oedema may result in sparing more
axons from degeneration as demonstrated by the fact that
skin innervation and skin thickness of neuropathic mice
treated with the PKR-antagonist look like that of sham mice.

4. Conclusions

The results that we here present support an important role
for PROK2 in the pathogenesis of neuroinflammation and

neuropathic pain. In support of this hypothesis, we show
that blocking the prokineticin receptors with two PKR

1
-

preferring antagonists reduced pain and nerve damage. The
major finding of this study is that the nerve damage induces
an important PROK2-increase in resident and infiltrating
cells but also in the sensory neurons and that impairment
of PROK2 production is linked to amelioration of pathology
indicating PROK2 as precocious determinant in the process
of neuroinflammation.

A few studies focused on the mechanisms involved
in regulating the expression of PROK2 in myeloid cells
demonstrated that PROK2-upregulation occurs through G-
CSF-induced activation of STAT3 that binds the enhancer
site of its promoter [33, 34], IL-6 cooperates with G-CSF to
increase the expression of Bv8/PROK2 gene in neutrophils
[35], andmoreover Bv8 itself activates STAT3 [36].Therefore,
PROK2 is involved in a self-perpetuating cycle because it also
increases its own production as a result of PKR

1
activation

[3].
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Figure 9: Confocal images of representative sections of longitudinally sliced sciatic nerve proximal and distal to the lesion, immunostained
for PROK2 (green) and CGRP (red) from sham-operated, CCI-saline and CCI-PC1 mice at 10 dpi. Scale bar: 30 𝜇m.
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Figure 10: (a) Histological examination of the plantar skin from sham, CCI-saline, and CCI-PC1 mice stained with hematoxylin-eosin at
10 dpi. (b) Quantification of epidermal thickness of the sham, CCI/saline, and CCI/PC1 mice (3 section/animal). Data are expressed as mean
± SEM of 4-5 animals. One-way ANOVA was used for statistical evaluation, followed by Tukey test for multiple comparisons: ∗𝑃 < 0.05;
∘∘∘𝑃 < 0.001.



BioMed Research International 13

CG
RP

Sham

Epidermis

Dermis

(a)

CCI-saline

Epidermis

Dermis

(b)

CCI-PC1

Epidermis

Dermis

(c)

N
F2

00

Epidermis

Dermis

(d)

Epidermis

Dermis

(e)

Epidermis

Dermis

(f)

Figure 11: Confocal images of representative skin sections immunostained for CGRP and NF200 from sham-operated, CCI-saline, and CCI-
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Intracellular pathway regulating the expression of PROK2
in neurons has not yet been clarified but it may be well-
funded to imagine a mechanism like that described in
myeloid cells. Indeed, STAT3 activation by G-CSF, IL-6, and
IL-1𝛽 signalling was recently demonstrated in DRG neurons
[37, 38]. Receptors and signalling mediators of G-CSF are
functionally expressed on sensory neurons also containing
TRPV1 [37], some of which constitutively express PROK2
mRNA [11], and G-CSF rapidly produced phosphorylation
of STAT3 in cultured DRG neurons [39]. Hence it is likely
that the cytokines released early during the Wallerian-
degeneration trigger synthesis of PROK2 in the sensitive
neurons. STAT3 is required for T helper type 17 (Th17)
generation [40] and Ferrara’s group recently demonstrated
that IL-17 indirectly contributes to recruitment of Bv8-
positive granulocytes in tissues infiltrated by Th17 cells [41].

Interestingly, we also demonstrated that switching off the
PROK2 production and signalling significantly decreases the
burden of proinflammatory cytokines in the lesioned nerve
and prompts an anti-inflammatory repair program.

Taken together, these considerations indicate that avail-
ability of molecules, like these PKR

1
-preferring antagonists,

which in addition to direct modulating nociceptor excitabil-
ity also control the PROK2 synthesis and release, improves
the efficacy in reducing neuroinflammation and neuropathic
pain.
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Figure 12: Evans Blue extravasationwasmeasured at 3 dpi in injured
and contralateral sciatic nerves. A significant increase in Evans Blue
accumulation was evident in the injured nerve. The level of Evans
Blue in the contralateral nerve was not significantly different from
the level found in sham animals. Evans blue extravasation in the
sciatic nerves of mice treated with PC1 (150𝜇gKg−1, twice/day, at 1
and 2 dpi) did not differ from shammice.Data are expressed asmean
± SEM of 4-5 animals. One-way ANOVA was used for statistical
evaluation, followed by Tukey test for multiple comparisons: ∗∗∗𝑃 <
0.001 CCI-saline versus sham mice; ∘∘∘𝑃 < 0.001 CCI-PC1 versus
CCI-saline mice.
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Chronic pain represents a major public health problem worldwide. Current pharmacological treatments for chronic pain
syndromes, including neuropathic pain, are only partially effective, with significant pain relief achieved in 40–60% of patients.
Recent studies suggest that the mammalian target of rapamycin (mTOR) kinase and downstream effectors may be implicated in
the development of chronic inflammatory, neuropathic, and cancer pain. The expression and activity of mTOR have been detected
in peripheral and central regions involved in pain transmission. mTOR immunoreactivity was found in primary sensory axons, in
dorsal root ganglia (DRG), and in dorsal horn neurons. This kinase is a master regulator of protein synthesis, and it is critically
involved in the regulation of several neuronal functions, including the synaptic plasticity that is a major mechanism leading to the
development of chronic pain. Enhanced activation of this pathway is present in different experimental models of chronic pain.
Consistently, pharmacological inhibition of the kinase activity turned out to have significant antinociceptive effects in several
experimental models of inflammatory and neuropathic pain. We will review the main evidence from animal and human studies
supporting the hypothesis that mTOR may be a novel pharmacological target for the management of chronic pain.

1. Introduction

Chronic pain represents a major public health problem
worldwide, affecting approximately 37% of the US popula-
tion, with an economic burden of up to US$ 635 billion per
year [1]. In Europe, the prevalence of chronic pain syndromes
ranges between 25 and 30% [2]. Physiologically, nociceptive
pathways are activated in response to traumatic or noxious
stimuli. Acute pain, which is primarily due to nociception,
serves as an adaptive and protectivemechanism to detect, loc-
alize, and limit tissue damage; on the contrary, chronic pain,
which persists after a reasonable time for healing to occur
(ranging between 1 and 6 months in most definitions), can
be regarded as a form of maladaptive response, in which
pain is no longer protective or strictly linked to the initial
stimulus. After application of an intense and prolonged
injury, ongoing excitation of primary nociceptive neurons
leads to neuronal changes both in the primary afferents
(peripheral sensitization) and in the spinal dorsal horn neu-
rons (central sensitization), contributing to the development

of chronic pain [3]. In this condition, pain arises in the
absence of noxious stimulus, may be stimulated by normally
innocuous stimuli (allodynia), is exaggerated and prolonged
in response to noxious stimuli (primary hyperalgesia), and
spreads beyond the site of injury (secondary hyperalgesia)
[3]. Chronic pain has a neuropathic origin in approximately
20% of the patients [2]. Neuropathic pain may arise from a
direct damage of somatosensory nerves or nerves innervating
visceral organs or from a disease affecting the somatosensory
nervous system which implies an indirect injury resulting
fromvarious causes, includingmetabolic stress, autoimmune,
degenerative, or chronic inflammatory conditions, and idio-
pathic origins [4].

Neuropathic pain is characterized by pain hypersensitiv-
ity that is mediated by both peripheral and spinal neuronal
synaptic plasticity (leading toperipheral and central sensiti-
zation, resp.), involving pre- and posttranslational changes
in the expression and functions of receptors, enzymes, and
voltage-dependent ion channels in sensory neurons [3]. In
addition, other biochemical events contribute to the hyper-
activity of the somatosensory system, including phenotypic
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Figure 1: Schematic representing the molecular partners of mTOR forming (a) mTOR complex 1 (mTORC1) and (b) mTOR complex 2
(mTORC2). The down-arrows indicate the inhibitory proteins, whereas the up-arrows indicate activator factors on mTOR function.

neuronal switch (i.e., large myelinated A𝛽 fibers expressing
neuropeptides directly involved in pain transmission, such as
substance P and calcitonin gene-related peptide), sprouting
of nerve endings (i.e.,myelinatedA𝛽fibers establishing direct
contacts with nociceptive projecting neurons in the lamina I-
II of the spinal dorsal horn), loss of spinal inhibitory control,
and increased activity of descending excitatory pathways
[3]. Moreover, synaptic plasticity within key cortical regions
involved in pain processing (i.e., the anterior cingulated cor-
tex, the insular cortex, primary and secondary sensory cor-
tices, and the amygdala) has been also observed in relation
to neuropathic pain [4]. Finally, activation of glial cells with
release of pronociceptive mediators can directly modulate
neuronal excitability and thus pain transmission, contribut-
ing to central sensitization and to the occurrence of neuro-
pathic pain [5].

Multimodal pharmacological treatments for chronic pain
syndromes, including neuropathic pain, are based on the
use of antiepileptics, antidepressants, local anesthetics, opioid
analgesics, or tramadol. These treatments are only partially
effective, with significant pain relief achieved in 40–60% of
patients [4]. A relatively recent modality of neuropathic pain
therapy, which represents the future challenge of upcoming
researches, involves specific cellular targets implied in neu-
ronal synaptic plasticity and/or glial activation [6]. Inter-
estingly, recent studies show that the mammalian target of
rapamycin (mTOR) kinase and downstream effectors may be
implicated in the development of chronic inflammatory, neu-
ropathic, and cancer pain.This kinase is a master regulator of
protein synthesis, and it is critically involved in the regulation
of several neuronal functions, including synaptic plasticity
and memory formation in the central nervous system (CNS)
[7]. As mentioned above, neuronal synaptic plasticity both at
peripheral level and in the CNS is amajormechanism leading
to the development of chronic pain, thus suggesting that
mTOR may be a novel pharmacological target for the man-
agement of chronic pain. In addition, mTOR has been also
reported to regulate astrocyte and microglial activity (as we
have recently reviewed [8]), thus suggesting an additional
therapeutic target in the treatment of chronic pain syndromes
that involve increased glial activation. The main evidence

from animal studies as well as clinical reports supporting this
hypothesis is reviewed in the present paper.

2. mTOR, the ‘‘Mechanistic’’
Target of Rapamycin

The mTOR kinase, now officially known as “mechanistic”
TOR, is a conserved serine/threonine protein kinase belong-
ing to the phosphoinositide 3-kinase (PI3K) family that
regulates multiple intracellular processes [9]. In mammals,
mTOR is encoded by a single gene [10] and interacts with
several proteins to form two distinct complexes, referred to as
mTORC1 and mTORC2. These complexes display different
sensitivity to the inhibitory action of rapamycin, which
mainly suppresses mTORC1-dependent activities in acute
treatments [11]. Notably, the two complexes promote the acti-
vation of different signalling pathways and recognize distinct
upstream regulators as well as downstream targets, whose
specificity is determined by the specificity of the interacting
proteins. Both complexes include the inhibitory protein
DEPTOR and the adaptor protein mLST8/G𝛽L (mammalian
LST8/G-protein 𝛽-subunit like protein) [12]. However, the
role of mLST8/G𝛽L in the regulation of mTORC1 function
remains unclear at present, since its chronic loss does not
affect mTORC1 activity in vivo [13]. As shown in Figure 1,
mTORC1 specifically contains the regulatory-associated pro-
tein of mTOR (raptor) and the inhibitory protein PRAS40
(proline-richAKT substrate of 40KDa) [14]. Raptor regulates
mTORC1 assembly and serves as a scaffold for the recruit-
ment of specific substrates, such as the eukaryotic initiation
factor-4E-binding protein 1 (4E-BP1) [15, 16]. Similarly, other
proteins reside uniquely within complex 2, that is, the
rapamycin-insensitive companion ofmTOR (rictor), the pro-
tein observedwith rictor (PROTOR), and the stress-activated
protein kinase-interacting protein 1 (mSIN1) (Figure 1) [17].
Much like raptor, rictor is necessary for mTORC2 assembly
together with mSIN1, for mTORC2 catalytic activity, and it
may also be involved in the selective recruitment of specific
substrates [14].
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The mTOR complex 1 is activated in response to different
intracellular and extracellular cues, that is, growth factors,
cytokines, energy status, oxygen, and amino acids, to control
multiple functions related to cell growth andmetabolism [12].
As shown in Figure 2, several upstream regulators of
mTORC1 activity converge on theheterodimer consisting of
tuberous sclerosis 1 (TSC1, also known as hamartin) and
TSC2 (also known as tuberin). In this complex, TSC1 stabi-
lizes TSC2 by preventing its degradation, while TSC2 acts as
aGTPase-activating protein (GAP) for the small GTPase pro-
tein, Rheb (Ras homolog enriched in brain) [18]. Rheb in its
GTP-bound state binds to and activates mTORC1, whereas
the TSC1/2 complex normally inhibits mTORC1 activity by
favoring the GDP-bound inactive state of Rheb. As recently
reviewed by Laplante and Sabatini [12], growth factors (such
as insulin and insulin-like growth factors) increase mTORC1
activity, by promoting the phosphorylation and degradation
of the TSC1/2 complex. This occurs via ligand-dependent
activation of receptor tyrosine kinases (RTKs), like the
insulin receptors, followed by activation of the PI3K and Ras
pathways.The effector kinases of these pathways, namely, the
protein kinase B (PKB/AKT) and the extracellular-signal-
regulated kinases (ERK) 1 and 2, induce TSC1/2 phosphoryla-
tion (Figure 2). In addition, AKT can directly phosphorylate
the inhibitory protein PRAS40, promoting its dissociation
from raptor and further contributing to mTORC1 activation.

Proinflammatory cytokines, like TNF𝛼, increase mTORC1
activity via I𝜅B kinase- (IKK-) dependent inactivation of the
TSC1/2 complex, whereas, in response to hypoxia or low
energy status, the adenosinemonophosphate activated kinase
(AMPK) blocks mTORC1 activity, by increasing TSC2
function and directly inhibiting raptor (Figure 2). Finally,
increased intracellular levels of aminoacids, particularly argi-
nine and leucine, promote mTORC1 activation, by inducing
its binding to a distinct family of GTPases, the Rag GTPases,
together with its translocation to the lysosomal surface [19,
20]. It has been hypothesized that translocation of mTORC1
to the lysosomes allows GTP-bound Rheb to interact with
mTORC1, promoting its activation only when aminoacids are
available. Additional details on the regulation ofmTORC1 can
be retrieved in the above mentioned review article [12].

Protein synthesis is the best-characterized intracellular
process regulated by mTORC1, whose activation generally
increases the cellular capacity of protein generation [14]. The
two main downstream targets of mTORC1, 4E-BP1 and the
ACG-family protein, S6 kinase 1 (S6K1), are key components
of the protein translation machinery. Phosphorylation of 4E-
BP1 causes its dissociation from the eukaryotic translation
initiation factor- (eIF-) 4E (Figure 2). This allows eIF-4E to
associate with eIF-4G leading to the formation of eIF-4F,
which facilitates the loading of ribosomes onto the mRNA.
By this molecular mechanism, mTORC1 can control the
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translation of specific mRNAs, including the so-called 5-
TOP mRNAs that mostly encode for components of the
translational machinery. In addition, phosphorylation and
activation of S6K1 promote protein translation by phosphory-
lation of several substrates, including eIF-4B, the eukaryotic
elongation factor 2 (eEF2) kinase, and the ribosomal S6
protein (Figure 2). Local protein synthesis within sensory
neurons contributes to their nociceptive functions both
under physiological conditions and during chronic pain. As
described in detail in Section 4, by controlling protein trans-
lation mTORC1 can regulate the activity of sensory neurons,
in periphery as well as in the CNS. The activity of S6K1 is
also important in the control of RTK activation. In fact, S6K1
(activated by mTORC1) promotes also the phosphorylation
and inactivation of IRS1, the insulin receptor substrate 1. The
latter is a docking protein that in its tyrosine-phosphorylated
form couples the insulin receptor to its downstream effectors
[21].This is part of a retroinhibitory feedbackmechanism that
reduceRTKactivation, thus the activity ofAKT andERK [12].
The latter is also a kinase critically involved in the regulation
of pain processing (see Section 4). The mTOR complex
1 is also involved in the regulation of several metabolic
pathways, regulating the expression of genes encoding dif-
ferent steps of glycolysis and the pentose phosphate pathway,
as well as critical enzymes in the de novo biosynthesis
of lipids [22]. Finally, mTORC1 can favor cell growth by
negatively regulating macroautophagy (autophagy), the cen-
tral degradative process in cells, and lysosome biogene-
sis [12, 14]. As discussed in detail in Section 4, the acti-
vation of autophagy in Schwann cells can limit the extent of
axonal degeneration after nerve injury and promote regener-
ation and myelination, thus favoring analgesic effects.

In contrast tomTORC1,mechanisms leading tomTORC2
activation are less characterized. It seems that mTORC2
activation is directly promoted by PI3K via phosphorylation
of specific mTORC2 interactors, including rictor (Figure 3)
[17]. Thus, mTORC2 appears to be also responsive to growth
factors, but insensitive to nutrients. mTORC2 regulates the
activity of several proteins belonging to the ACG family,
including AKT, the serum- and glucocorticoid-induced pro-
tein kinase (SGK1), and protein kinase C- (PKC-) 𝛼. AKT is a
key regulator of cell survival and proliferation, withmTORC2
promoting its phosphorylation at Ser

473
in the hydrophobic

motif and maximal activation [23, 24]. In this way, mTOR
appears to be both a downstream effector of AKT (i.e.,
mTORC1) and an important upstream regulator of the kinase
activity (i.e., mTORC2) (Figure 4). Moreover, it has been
shown that an intricate crosstalk exists between the two
complexes (Figure 4), since S6K can negatively control the
activation of mTORC2 [24], whereas TSC1/2 positively con-
tributes to mTORC2 activation [25]. The mTOR complex 2
also promotes the activity of SGK1, another important kinase
in the control of cell proliferation [26]. Finally, activation of
PKC𝛼 by mTORC2, along with other effectors (like paxillin
and Rho GTPases), regulates the dynamic of actin cytoskele-
ton [27, 28]. Direct regulation of AKT activity together with
a role in the control of actin dynamics suggests a possible
involvement of mTORC2 in the control of neuronal function,
as discussed in Section 4.
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Figure 3: Schematic representing the main intracellular targets as
well as the main cellular processes regulated by mTORC2.
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Figure 4: Schematic representing the main mTORC1-mTORC2
crosstalks.

3. mTOR Inhibitors

The mTOR kinase, now officially known as “mechanistic”
TOR, was initially identified as “mammalian target of
rapamycin,” because the kinase is the main target of an anti-
fungal compound derived from Streptomyces hygroscopicus,
rapamycin [29]. This drug, discovered in soil samples col-
lected from Easter Island (Rapa Nui, from where the name),
was originally found to have antifungal proprieties, but
rapidly its immunosuppressive activity became its more
important property. Actually, rapamycin is widely used in
preventing clinical allograft rejection and in treating some
autoimmune diseases [30]. In the 1980s, rapamycin was also
found to have anticancer activity, although the exact mecha-
nism of action remained unknown until many years later.

Rapamycin (or sirolimus)mainly inhibitsmTORC1 activ-
ity by forming a trimolecular complex with mTOR and the
immunophilin, FKBP12 (FK506-binding protein of 12 kDa;
also known as PPIase FKBP1A). The drug associates with
FKBP12, and the resulting complex interacts with the FRB
(FKBP12-rapamycin binding) domain located in the carboxyl
terminus of mTOR: the interaction disrupts the association
with raptor and thus uncouples mTORC1 from its substrates
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inducing a block of mTORC1 signaling [31, 32]. However,
not all the functions mediated by mTORC1 are sensitive to
rapamycin; the inhibition of cap-dependent translation and
the induction of autophagy are in part resistant to rapamycin
[33]. Originally, the effects of rapamycin were thought to
be only related to the inhibition of mTORC1, but studies
of Sabatini’s group have shown that rapamycin given at
higher concentrations and in chronic treatments also inter-
feres with mTORC2 regulatory functions [11]. In particular,
high intracellular levels of rapamycin inhibit the binding
and subsequent assembly of mTORC2-specific components
mSIN1 and rictor [11].

Rapamycin readily crosses the blood brain barrier (BBB),
thus exerting direct effects within the CNS [34]. However, in
order to ameliorate the pharmacokinetic profile of rapamy-
cin, novel drugs have been developed.This first generation of
mTOR inhibitors displays the same binding sites for mTOR
and FKBP12 and is thus so-called rapalogs (i.e., rapamycin
and its analogs). Rapalogs includes CCI-779 (temsirolimus),
RAD-001 (everolimus), and AP23573 (ridaforolimus or
deforolimus) (Table 1). Among these mTOR inhibitors, CCI-
779 is a prodrug of rapamycin, which delays tumor pro-
liferation [35], and it is actually used for the treatment of renal
cell carcinoma, whereas RAD-001, a 40-O-(2-hydroxyethyl)
derivative of rapamycin, is currently used as an immuno-
suppressant to prevent rejection of organ transplants and,
like CCI-779, for the treatment of renal cell cancer and
subependymal giant cell astrocytoma [36].

However, the use of rapalogs unmasked the feedback loop
between mTORC1 and AKT in certain type of cells. The
mTORC1 inhibition induced by these drugs fails to repress
the negative feedback loop that results in phosphorylation
and activation of AKT, and it is unable to block the mTORC2
positive feedback to AKT [37]. The elevation of AKT activity
can promote a longer survival in some cell types and may
also be associated to pain hypersensitivity (as described in
Section 4).These limitations have led to the development of a
second generation of mTOR inhibitors: the ATP-competitive
mTOR inhibitors, which block both mTORC1 and mTORC2
activity [38]. Unlike rapamycin, which is a specific allosteric
inhibitor of mTORC1, these ATP-competitive inhibitors tar-
get the catalytic site of the enzyme, thus promoting a broader,
more potent, and sustained inhibition of mTOR and prevent-
ing the activation of PI3K/AKT caused by the derepression of
negative feedbacks [39]. This is due to the effective inhibition
of rapamycin-insensitive mTORC2 activity in addition to
mTORC1 inhibition and also to a more comprehensive and
sustained mTORC1 inhibition as demonstrated by sustained
reduction of 4E-BP1 phosphorylation [38]. Actually, many
compounds with different chemical structures show these
functions (see Table 1) and some of them are being tested in
clinical trials.

Finally, the close interaction of mTOR with the PI3K
pathway has also led to the development of mTOR/PI3K
dual inhibitors [40]. Compared with drugs that inhibit either
mTORC1 or PI3K, these drugs have the benefit of inhibiting
both mTORC1 and mTORC2 and all the catalytic isoforms of
PI3K. Interestingly, because of the high sequence homology

between mTOR and PI3K, some compounds (like wortman-
nin), originally identified as PI3K inhibitors, were later shown
to inhibit mTOR as well [41]. The activity of these small
molecules differs from rapalog activity, for a more specific
block of both mTORC1-dependent phosphorylation of S6K1
and mTORC2-dependent phosphorylation of AKT at the
Ser
473

residue. Dual mTOR/PI3K inhibitors include NVP-
BEZ235, BGT226, SF1126, and PKI-587 (Table 1), and many
of them are being tested in early-stage of preclinical trials.

A detailed list of mTOR inhibitor drugs is provided
in Table 1, together with specific information on their
molecular properties (including in vitro mTOR IC50 and
cellular potency towards mTORC1 and mTORC2). Dual
mTORC1/mTORC2 inhibitors have been developed by coun-
terscreening their inhibitory activity against the most closely
related kinases, class I and class III PI3K lipid kinases and the
PI3K-related kinase (PIKK) family members [42], whereas
dual PI3K/mTORC inhibitors were optimized to inhibit class
I PI3Ks [43].Thus, the in vitro inhibitory potency against class
I PI3Ks has been also included in Table 1. As far as the ATP-
competitive mTOR inhibitors (first generation and second
generation) are concerned, we calculated the ratio between
PI3K and mTOR IC50 and marked those drugs with a ratio
<500 since inhibition of PI3K by these drugs may become
relevant in cellular or in vivo systems. This information
should provide the reader with a better understanding of the
biological effects of these novel drugs.

4. mTOR in the Control of Chronic Pain

4.1. Histology. The expression and activity of mTOR have
been extensively detected in peripheral and in central regions
involved in pain transmission, both under physiological con-
ditions and in several experimental models of inflammatory
and neuropathic pain. In the adult rat and mouse cutaneous
tissue, mTOR immunoreactivity was found in a subset of
primary sensory axons and in nonneuronal cells surrounding
the peripheral axons in the dermis [44, 45]. Using specific
markers that distinguish between C- and A-fibers, it has been
shown that mTOR positive axons are mainly myelinated A-
fibers, and only less than 5% are peptidergic fibers, coexpress-
ing CGRP. Interestingly, these fibers were stained also for the
active form of mTOR, evaluated by measurement of mTOR
phosphorylation at Ser

2448
. This phosphorylation primarily

reflects a feedback signal from the mTORC1 downstream
target S6K1 (also known as p70S6 kinase, p70S6K), and it is
therefore considered a reliable marker of mTORC1 activation
within the cells [46]. Moreover, myelinated sensory fibers in
the rat skin also express phosphorylated downstream targets
of mTORC1, including 4E-BP1, S6K, and the S6 ribosomal
protein [44], suggesting that mTORC1 may regulate local
protein synthesis within these axons thus contributing to
their nociceptive functions under physiological conditions.
These fibers, particularly the large A-beta (A𝛽) fibers, are
normally involved in the conduction of nonnociceptive
inputs such as light touch,movement, or vibration [47]. How-
ever, amplification of their signals by sensitized dorsal horn
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Table 1: mTOR inhibitor drugs.

Classes Drugs
mTOR

(in vitro kinase
IC50)

mTORC1
(cellular potency

EC50)

mTORC2
(cellular

potency EC50)

Class I PI3K
(in vitro kinase

IC50)
References

Rapamycin
1.74𝜇M

(2 nM1, in presence
of FKBP12)

0.4–3.5 nM2 [82–84]

Rapalogs
RAD001 0.4–3.5 nM2 [82]
CCI-779 1.76 𝜇M <20 nM 10–20𝜇M [84]
AP23573 0.2 nM [85]

ATP-competitive
mTOR inhibitors
(first generation)

KU-0063794 2.5 nM1 660 nM3 240 nM3 >5.3–>30 𝜇M [86–88]
PP2424 8 nM 300–400 nM 0.10–2.2 𝜇M [89, 90]
PP304 80 nM 0.68–5.8𝜇M [89]
Torin 14 4.3 nM 2–10 nM 2–10 nM 0.17–>10𝜇M [90, 91]

WEY-6004 9 nM1 300 nM 1 𝜇M 1.96–8.45 𝜇M [92]
WYE-3544 5 nM1 300 nM 1 𝜇M 1.89–7.37 𝜇M [92]
CC214-1 2 nM 40 nM 18 nM 1.38 𝜇M [93]
OSI-0274 4 nM 0.42–>30 𝜇M [94]
X-3874 23 nM1 0.12–>0.3 𝜇M [95]

ATP-competitive
mTOR inhibitors
(second generation)

AZ8055 0.13 nM1 27 nM3 24 nM3 3.2–18.9 𝜇M [42, 88]
AZ2014 2.8 nM1 200 nM3 80 nM3 3.8–>30 𝜇M [88]

INK128/MLN01284 1 nM <10 nM <10 nM 0.22–5.29 𝜇M [96]
WYE-125132 0.19 nM1 20 nM 200 nM 1.18–>10𝜇M [97]
CC214-2 106 nM 386 nM 315 nM >30 𝜇M [93]

ATP-competitive
mTOR/PI3K dual
inhibitors

Wortmannin 0.2 𝜇M1 0.1 nM [83, 98]
LY294002/SF11015 1.5𝜇M1 0.5–1.6 𝜇M [83, 99–101]

PI-1035 In vitro kinase
IC50: 20 nM

In vitro kinase
IC50: 83 nM 2–15 nM [40, 100, 101]

Torin 2 2.81 nM 0.25 nM 10 nM 4.68–17.5 nM [102, 103]
GSK2126458 ND Low nM 0.18–0.41 nM 0.04 nM [104]
NVP-BEZ2355 20.7 nM <250 nM 8nM 4–75 nM [43, 101]
NVP-BGT2266 4–63 nM [105]

SF1126 (RDGS
conjugated SF1101)

Not significant
inhibitory activity
until hydrolyzed to

SF1101

[106]

PKI587 1.4 nM1 <30 nM <10 nM 0.6–8 nM [107]
In vitromTOR kinase IC50 was evaluated using either the immunoprecipitated or the recombinant full length enzyme. Cellular potency for the two different
mTOR complexes was calculated after short term incubation, ranging between 30min and 2 h, of different cell lines with mTOR inhibitors and subsequent
analysis of the phosphorylation status of specific mTORC1 (S6K or S6) or mTORC2 (AKT, at Ser473) substrates. In vitro PI3K and PIKK IC50 were measured
using specific biochemical assays.
1A truncated mTOR enzyme was used in the in vitro kinase assay.
2Cellular potency was evaluated by inhibition of cell proliferation, using vascular smooth muscle cells stimulated by fetal calf serum.
3Cellular potency was evaluated using a high throughput immunocytochemical assay, carried out in the MDA-MB-468 cell line.
4Ratio between PI3K and mTOR IC50 is <500.
5The reader should also consider IC50 values reported by Hayakawa et al., 2007 [99], and Kong et al., 2009 [101].
6NVP-226 is considered a dual mTOR/PI3K inhibitor. However, in vitro preclinical data on the mTOR inhibitory activity for this compound were not found
through Medline Search.

neurons is thought to account for secondary hyperalgesia and
allodynia, clinical features of chronic pain (as summarized in
Section 1). Consistently, active mTORC1 and its downstream
phosphorylated targets (4E-BP1 and the S6 ribosomal pro-
tein) have been also detected in the adult rat dorsal roots,
mostly in myelinated axons [48]. Local or intrathecal admin-
istration of rapamycin significantly reduced phosphorylation

of downstream targets of mTORC1 both in the peripheral
fibers [44] and in the central spinal cord neurons [48].
Similarly to these data, phospho-mTOR was also found to be
expressed by a subset of myelinated fibers in the adult mouse
dorsal roots [45], whereas, in rat dorsal root ganglia (DRG),
positive immunoreactivity for mTOR and S6K1 was detected
mainly in the cell body of small nociceptors, coexpressing
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substance P or IB4 positive [49]. These data suggest that
mTOR and its downstream targets are mostly transported to
myelinated peripheral and central fibers in the medium and
large (but not small) DRG neurons [44, 48]. In addition, at
the DRG level, a predominant expression of 4E-BP1 has been
detected in GFAP positive satellite cells [49]. Satellite cells are
specialized glial cells that surround the cell body of sensory
neurons both in DRG and in trigeminal ganglia and, like
central glia, are involved in the development of chronic pain
[50]. Studies from our laboratory have shown that satellite
glial cells contribute to neuronal sensitization of trigeminal
neurons in vitro [51] and that they can express functional
CGRP receptors which increase the stimulatory effects of
cytokines [52]. Finally, Xu et al. [49] have documented the
expression ofmTOR andmTORC1 downstream targets in the
dorsal horn of rat spinal cord.However, these authors failed
to detect the phosphorylated proteins both at the DRG and
spinal cord level. On the other hand, Géranton et al. [48],
using a tyramide signal amplification- (TSA-) enhanced
immunofluorescent staining, demonstrated that phospho-
mTOR, phospho-S6 ribosomal protein, and phospho-4E-BP1
are strongly expressed in lamina I/III projection neurons of
the dorsal horn, that is, those neurons critically involved in
the development and maintenance of chronic pain [53].

Consistently with a possible involvement of mTOR in
chronic pain processes, it has been shown that peripheral
inflammation increases mTOR activation in the spinal cord
dorsal horn. In particular, intraplantar injection of capsaicin
significantly increased the phosphorylation level of the S6
ribosomal protein after 2 h in the dorsal horn neurons, an
effect abolished by intrathecal administration of rapamycin
[48]. Intraplantar injection of carrageenan increased the
magnitude of S6 phosphorylation in the ipsilateral spinal
cord dorsal horn but not in the contralateral one, 4 h after
treatment. In these animals, phospho-S6 together with Rheb,
the positive regulator of mTOR activity, was mainly detected
in neurons, but not in spinal glia (astrocytes and microglia).
Moreover, basal S6 activity was also detected in larger motor
neurons in the ventral horn, but it was not modified by
carrageenan peripheral administration [54]. Finally, periph-
eral inflammation due to intraplantar injection of complete
Freund’s adjuvant significantly increased mTOR activation
in DRG neurons, with a minor increase observed in spinal
cord dorsal horn [55]. Enhanced activation of the mTOR
pathway was also found in different experimental models of
neuropathic pain. In adult male rat undergoing L5-L6 spinal
nerve ligation (SNL), increased phospho-mTOR staining was
detected in sensory neurons mainly in myelinated fibers of
injured nerves [56]. However, Asante et al. [57] in the same
model measured reduced levels of CGRP and S6K1 in the
superficial dorsal horn neurons, just at the ligated L5-L6
nerves, but not in the uninjured L4 spinal cord. Increased
mTOR activation was instead found in a mouse model of
chronic crush injury (CCI) at the spinal cord level, and it
was significantly reduced by intrathecal administration of
rapamycin. In particular, rapamycin reduced phospho-
mTOR expression at 7 and 14 days after surgery, together with
significant reduction of the phosphorylation level of S6K1 and
4E-BP1 at 7 (but not 14) days after surgery [58]. In contrast, no

differences in the level of mTOR activation were detected in
the spinal cord dorsal horn 7 days after surgery, in a different
model of neuropathic pain induced by spared nerve injury
(SNI) of the sciatic nerve [48]. All together these data suggest
that mTORC1 activity is significantly elevated in dorsal horn
neurons in different models of chronic pain (even tough not
in all models), thus suggesting a possible involvement in
mediating central neuronal plasticity and thus pain hypersen-
sitivity. In support of this hypothesis, a recent paper by Xu
et al. [59] has demonstrated increased mTORC1 activation in
the spinal cord dorsal horn (at the lumbar level, but not at
cervical and thoracic level) in a rat model of morphine
induced tolerance and hyperalgesia, thus suggesting that the
reduced analgesic effects of morphine observed in long-term
treatments may be due to the upregulation of mTORC1
activity within the spinal cord. It is, therefore, possible that
inhibition of mTORC1 activity may have beneficial effects in
chronic pain syndromes.

4.2. Electrophysiology. In addition to these data, there is
also consistent electrophysiological evidence which point
out mTOR signaling pathways as important modulators of
chronic pain [44, 57, 60]. The electrophysiological analysis
conducted by Jiménez-Dı́az et al. [44] revealed an increased
mechanical threshold of subsets of myelinated fibers, the A-
fiber nociceptors, after intraplantar injection of rapamycin,
following capsaicin induced injury in rats. The authors
proposed that ongoing local protein synthesis is essential for
the complete response of this subset of nociceptors and were
pioneers in supposing the possibility that a similar process is
operating at the sites of termination of sensory afferents
within the dorsal horn [44]. The role of mTOR in the neuron
injury-induced hyperexcitability was demonstrated later in a
study conducted by Asante et al., in which rapamycin (50𝜇L
of 250 nM), directly applied on the spinal cord at L4-L5
level, was found to produce inhibitory effects on nociceptive
C-fiber activity in lamina V wide dynamic range (WDR)
neurons, in response to mechanically and thermally stimulus
in rats after removal of lumbar vertebral segments L1–L3 of
the spinal cord [60]. For the thermally induced response, a
significant inhibition was only found at 35∘C, with a trend
towards reduction at higher temperatures. Also formalin-
induced hyperexcitability was attenuated by spinally admin-
istered rapamycin, with significant effects only in the second
phase of formalin test, which is thought to be due to
central sensitization of dorsal horn neurons as a result of the
initial attenuation of input from nociceptive C-fiber afferents
occurring during the first phase. The same authors demon-
strated similar effects of anisomycin, a general inhibitor of
protein translation, on the formalin test, confirming that
these effects were indeed due to inhibition of mRNA trans-
lation [60]. In a second paper, Asante et al. demonstrated
the spinal effects of the rapamycin analogue CCI-779 on
neuronal responses by using in vivo single-unit extracellular
recordings from spinal cord neurons of rats following L5-L6
SNL [57]. The authors found that spinal administration of
250 𝜇M CCI-779 significantly attenuated specific neuronal
responses to mechanical stimuli from SNL rats compared
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to predrug responses and sham rats, whereas no effect was
established on thermally evoked responses. In particular,
CCI-779 inhibitedC-fiber-mediated transmission ontoWDR
neurons. A further significant inhibitory effect was seen
on WDR neuronal postdischarge and on “wind-up” phe-
nomenon, a potentiated response mediated by nociceptive
C-fibers activity and a measure of central hypersensitivity
mechanisms. The limitation of this study is represented by
the fact that no differences in electrophysiological responses
were found between sham and neuropathic rats before drug
injection. The authors stated that the increased excitability
of L4 WDR neurons in neuropathic rats could have masked
the adjacent L5 ligation, according to a previous study in
which periphery connected spinal neurons were shown to
expand their receptive fields after the samenerve ligation [61].
The observation that CCI-779 was quite ineffective on neu-
ronal responses in the absence of nerve injury [57] allows to
confirm that mTOR signaling at the spinal level is an integral
element of nociception and that its role in central sensitiza-
tion likely contributes to the persistence of pain.

4.3. Behavioral Studies. The antinociceptive effects of rapam-
ycin and its analogous CCI-779 (thus mTOR inhibition)
have been documented in several experimental models of
inflammatory and neuropathic pain. Using the formalin
test, it has been shown that rapamycin (administered both
intrathecally or locally in the paw) significantly reduced the
second phase of behavioral pain in mice [62]. Similarly, in
adult rats, intrathecal administration of rapamycin produced
a significant inhibition of formalin-induced second phase
flinches [63]. The formalin test is a well-characterized behav-
ioral model of chemically induced pain consisting of two
consecutive pain behavior phases, of which the second one
has been suggested to involve central sensitization of the noci-
ceptive system [64], thus suggesting an involvement of spinal
mTOR in inflammation induced hyperalgesia. On the other
hand, rapamycin, injected directly through the skin at L5-
L6 spinal cord level 30 minutes before the formalin test, was
shown to significantly reduce both pain behavioral phases
of the formalin test in adult rats, indicating an involvement
of mTOR in peripheral sensitization as well [60]. A possible
role of mTOR kinase (and thus local protein translation)
in mediating both peripheral and central neuronal sensiti-
zation is also suggested by other studies based on different
models of inflammatory pain. Inflammatory pain can be
induced by intradermal injection of other nociceptive and
algogenic substances including capsaicin, carrageenan, and
the complete Freund’s adjuvant (CFA) [64]. For example, the
injection of capsaicin produces both peripheral sensitization
of C- and A𝛿-nociceptors and central sensitization of dorsal
horn neurons [48]. The hallmark of peripheral sensitization
is represented by increased thermal sensitivity, most likely
supported by ERK activation in the cell body of nociceptors
followed by synthesis of TRPV1 receptors and their transport
to the axon terminals in the inflamed cutaneous tissue,
whereas increased mechanical sensitivity is mainly due to
central sensitization of spinal cord neurons [65]. In this
experimental model (in adult rats), rapamycin administered

either centrally or locally significantly reduced mechanical
hyperalgesia without affecting thermal hypersensitivity in
adult rats [44, 48]. In a similar manner, local and central
injection of CCI-779 reduced mechanical hyperalgesia, but
not thermal hypersensitivity developing in response to intra-
dermal injection of carrageenan in adult mice [45]. The
mechanical hypersensitivity that occurs in the undamaged
area surrounding the site of injury, in these models, is
known to be mostly transmitted by A-fibers and amplified by
sensitized dorsal horn neurons.

In this regard, electromyographic studies have shown that
both local and intrathecal injection of rapamycin significantly
increased threshold temperatures for paw withdrawal evoked
by fast heat ramps (activating A-fiber nociceptors) compared
to control injections of vehicle, thus suggesting a direct effect
on this subset of myelinated nociceptors known to be impor-
tant for the increased mechanical sensitivity that follows
injury [44, 48]. However, intrathecal injections of rapamycin
inhibited the activation of downstream targets of mTOR in
dorsal horn and dorsal roots, thus suggesting a modulatory
effect on both primary afferents and central neurons [48].
Consistently with these observations, centrally administered
rapamycin was shown to reduce mechanical allodynia in sev-
eral models of inflammatory pain [54, 55, 59]. However, these
studies reported variable effects on thermal sensitivity, with
inhibitory effects observed after intraplantar injections of
carrageenan [54, 63], and minor albeit significant reductions
of thermal hyperalgesia induced by intraplantar injection of
CFA [55]. Considering that the expression of mTOR and
other components of the translational machinery has not
been detected inC-nociceptors, these results further suggest a
direct role of spinal mTOR in the modulation of central pain
processing. Interestingly, the PI3K inhibitor, wortmannin,
was more effective at reducing pain hypersensitivity in
response to carrageenan, thus suggesting the involvement of
other pathways (including ERK) in the development of
central sensitization [63]. Moreover, intradermal injection of
carrageenan increased the phosphorylation level of AKT at
Ser
473

in the dorsal horn of spinal cord thus suggesting a con-
comitant activation ofmTORC2 in parallel with development
of hyperalgesia in response to peripheral inflammation [63].
Therefore, wortmannin by inhibiting PI3K can simultane-
ously affect both mTOR complexes and other signaling
pathways (including ERK; as described in Sections 2 and 3)
potentially important in mediating peripheral and central
sensitization thus resulting more effective than rapamycin in
chronic pain.

mTOR inhibitors also display beneficial effects in several
models of neuropathic pain, which are also characterized
by the development of secondary hyperalgesia. In summary,
intraplantar or intrathecal administration of rapamycin sig-
nificantly reducedmechanical allodynia developing after SNI
in rats [44, 48]. This model consists in a tightly ligation fol-
lowed by distal sectioning of the common peroneal and tibial
branches of the sciatic nerve, with preservation of the sural
nerve. It is characterized by increased mechanical sensitivity
observed 6 days after surgery in the spared sural territory, that
is, the lateral part of the hind paw [44, 48]. Similarly in
mice, intraplantar or intraperitoneal injection of CCI-779
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significantly reduced mechanical allodynia observed in the
lateral part of the hind paw three days after surgery [45].
Interestingly, in this study, the authors also evaluated the
effect of repeated administration of CCI-779 (4 injections
every 24 hours) observing a persistent reduction in mechan-
ical allodynia which was gradually lost 48 hours after the last
administration [45]. Moreover, in agreement with a possible
role of mTORC2 in mediating central neuronal plasticity, the
dual mTOR inhibitor Torin 1 appeared to be more effective
than rapamycin in this experimental model, either after
one injection or after repeated administrations [45]. Interest-
ingly, daily administration of metformin (which also inhibits
mTOR by promoting AMPK activation (see Section 2))
reduced mechanical allodynia in a mouse model of SNI [56].
In addition to these data, mTOR inhibitors were found to
exert beneficial effects in other models of neuropathic pain.
For example, CCI-779 or metformin significantly reduced
mechanical allodynia in a model of persistent pain caused by
SNL [56, 57], and rapamycin reduced mechanical hypersen-
sitivity in mouse models of CCI [58, 66]. In agreement with
these observations, Cui et al. have shown, using adult female
Sprague Dawley, which chronic (14 days) intrathecal admin-
istration of rapamycin reduced both the mechanical allody-
nia and the thermal hypersensitivity induced by CCI [67].
However, variable effects of rapamycin on thermal sensitivity
have been reported in this experimental model as well [58],
suggesting a main role of mTOR in the regulation of central
sensitization. Notably, peripheral nerve injury can induce a
different spectrum of glial (both microglia and astrocytes)
activation in the dorsal horn of the spinal cord. These cells
can release inflammatory and pronociceptive mediators, thus
significantly contributing to neuronal sensitization and to
the establishment of chronic pain syndromes [5]. Recent
experimental evidence from our group and others suggest a
direct role of mTOR in the regulation of glial inflammatory
responses and a potential beneficial role of rapamycin in
neuroinflammatory based diseases [8], including chronic
pain syndromes. In fact, rapamycin (centrally administered)
reduced CCI induced astrogliosis [67] but did not mod-
ify microglial activation when injected peripherally in the
affected hind paw [66]. These data suggest that rapamycin
may have multiple cellular and molecular targets that can
contribute to the therapeutic effects observed in vivo. In this
regard, Marinelli et al. have demonstrated the critical role of
autophagy, particularly in Schwann cells (SCs), in reducing
neuronal damage, clearing myelin debris, and facilitating
neuronal regeneration after injury [66]. In these animals,
rapamycin significantly increased the autophagic flux in SCs,
their proliferation, and improved myelination in injured
nerves [66]. Consistently, rapamycin improved myelination
in explant cultures from neuropathic mice by activating
autophagic mechanisms [68]. However, mice lacking mTOR
in SCs display hypomyelinated sciatic nerves [69], further
underlying the relevance of the mTOR pathway in the
regulation of myelination in both peripheral and central
nervous system [70, 71].

In this field, recent evidence from our group suggests that
mTOR inhibitors can reduce signs of neuropathic pain in a
chronic model of a demyelinating disease, the experimental

autoimmune encephalomyelitis (EAE). We have shown that
chronic administration of rapamycin was able to increase the
sensitivity threshold for mechanical allodynia, which is usu-
ally reduced at the clinical onset of disease [72]. In this study,
we observed that rapamycin ameliorates clinical andhistolog-
ical signs of EAE when administered to already ill animals, at
the peak of disease (therapeutic approach). Interestingly, the
histological study of the brains at the end of the experiment
revealed a significant improvement in the myelination of the
corpus callosum in the rapamycin treated animals, which
may be the consequence of reduced neuroinflammation
as well as a direct effect of rapamycin [72]. In addition,
rapamycin was also found beneficial in a mouse model
of cancer metastatic pain. In fact, repeated treatment with
rapamycin reduced both thermal and mechanical hyper-
sensitivity developing in response to intratibial injection of
prostate cancer cells. In this model of chronic cancer pain,
rapamycin was also effective when administered in a ther-
apeutic manner, that is, once daily 5 days after injection of
cancer cells within the tibia [73]. Rapamycinwas also effective
in a similar model of metastatic cancer pain induced by
intratibial inoculation of breast cancer cells [74]. Finally,
rapamycin reduced hyperalgesia associated with chronic
administration of morphine in rats [59], thus further sup-
porting a potential clinical use of mTOR inhibitors in the
management of chronic pain syndromes.

4.4. Preclinical and Clinical Evidence of a Pronociceptive Role
for mTOR Inhibitors. Despite the promising results from the
preclinical studies reviewed above, the role of rapamycin
and rapalogs in the clinical treatment of chronic pain is
undermined by the clinical evidence that chronic treatment
of patients with these mTORC1 inhibitors is associated with
increases in the incidence of pain [75, 76], including the possi-
ble development of complex regional pain syndrome (CRPS)
[77]. In addition, the anticancer agents, RAD001 or AP23573,
are associated with a number of unique toxicities, with one
of the most significant being the so-called painful mTOR
inhibitor-associated stomatitis (mIAS) [78]. However, mech-
anistic data are lacking concerningwhether and how rapalogs
are linked to the development of pain in patients chronically
treated with these drugs; hence more and appropriate clinical
studies are necessary to clarify this important issue. In this
regard, the only preclinical study carried out in C57bl/6 mice
that show possible negative effects of long-term mTOR inhi-
bition with respect to pain hypersensitivity is a recent paper
from Melemedjian et al. [79]. These authors demonstrated
that chronic rapamycin treatment (intraperitoneally injected
for 9 days) induced mechanical allodynia in sham-operated
animals, while reducing mechanical hypersensitivity in SNL
animals in agreement with data reviewed in Section 4.3.
Similarly, rapamycin partially reversed mechanical allodynia
in mice with SNI, while producing mechanical allodynia
in sham animals. Chronic administration of rapamycin
appeared to increase ERK andAKT phosphorylation in sham
animal sciatic nerves, thus suggesting that the abrogation of
the negative feedback loops on these other pathways due to
the incomplete blocking of mTORC1 (see Sections 2 and 3)
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may cause activation of other signaling pathways responsible
for pain development [79]. For example, increased ERK
activity can induce sensory neuron sensitization, mechanical
hypersensitivity, and spontaneous pain. Interestingly, the
clinically available antidiabetic drugmetformin, which is also
a AMPK activator thus mTOR inhibitor (see above), prevents
rapamycin-induced ERK activation and the development
of mechanical hypersensitivity and spontaneous pain [79].
These data suggest that a more complete inhibition of the
mTOR pathway can overcome these side effects of rapamycin
and its analogs. In this regard, in a retrospective study
conducted on diabetic patients, the use of metformin has
been found significantly associated with reduction of pain
symptoms in patients affected by lumbar radiculopathy, a
very frequent form of chronic pain syndrome [80, 81].

5. Conclusions

Data presented in this review paper strongly suggest that
mTOR has a critical role in several mechanism of pain
processing, including a role in the development of chronic
pain. However, clinical evidence suggests that chronic use
of first generation mTOR inhibitors may be associated with
development of pain hypersensitivity, thus underlying the
involvement of other signaling pathways including PI3K
downstream effectors (ERK, AKT, and more interestingly
mTORC2). A more comprehensive understanding of these
signaling pathways may lead to improved treatments for the
management of chronic pain. A vast array of novel inhibitors,
with a broader range of activity, is becoming available for
clinical testing. These have been mostly developed for cancer
treatment, but may also be employed in the management of
chronic pain.
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Background. Complex regional pain syndrome (CRPS) is a rare but debilitating pain disorder. Although the exact pathophysiology
of CRPS is not fully understood, central and peripheral mechanisms might be involved in the development of this disorder.
To reveal the central mechanism of CRPS, we conducted a proteomic analysis of rat cerebrum using the chronic postischemia
pain (CPIP) model, a novel experimental model of CRPS. Materials and Methods. After generating the CPIP animal model, we
performed a proteomic analysis of the rat cerebrum using a multidimensional protein identification technology, and screened the
proteins differentially expressed between the CPIP and control groups. Results. A total of 155 proteins were differentially expressed
between the CPIP and control groups: 125 increased and 30 decreased; expressions of proteins related to cell signaling, synaptic
plasticity, regulation of cell proliferation, and cytoskeletal formation were increased in the CPIP group. However, proenkephalin A,
cereblon, and neuroserpin were decreased in CPIP group. Conclusion. Altered expression of cerebral proteins in the CPIP model
indicates cerebral involvement in the pathogenesis of CRPS. Further study is required to elucidate the roles of these proteins in the
development and maintenance of CRPS.

1. Introduction

Complex regional pain syndrome (CRPS) is a rare but
serious and painful disorder. Although CRPS can occur
following a minor injury, such as a sprain or even soft-
tissue blunt trauma, severe intractable pain from CRPS can
impair the quality of life. Symptoms and signs of CRPS
include sensory changes (allodynia/hyperalgesia), vasomo-
tor changes (temperature asymmetry/skin color change or
asymmetry), sudomotor changes (edema/sweating change or
asymmetry), and motor or trophic changes [1]. Although the
exact pathophysiology of CRPS is not fully understood, sev-
eral pathological mechanisms, including oxidative stress [2],
neurogenic inflammation [3], and alteration in the autonomic
nervous system [4, 5], are known to play some roles in its
development. Also, psychophysical studies show that CRPS

patients have distorted body image and have difficulty in
recognizing the size or the position of the affected extremity
[6]. The patients get worse when they think about moving
the body part, even if they do not move it [7]. Mechanical
stimulation of the “virtual (unaffected)” limb reflected in the
mirror results in allodynia, which suggests that allodynia
and paresthesia can be mediated by the brain [8]. Thus, the
distorted body representation of CRPS patients can be treated
with mirror therapy [9, 10]. Also, the spreading of symptoms
and signs of CRPS from the initial site of presentation to
another limb is a well-known phenomenon, which may be
due to aberrant central regulation of neurogenic inflam-
mation [11]. These findings highlight the contribution of a
cortical pain mechanism in patients with CRPS. Moreover,
functional imaging studies provide supporting evidence for
the important role of the central nervous system in the
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Figure 1: Plantar skin color changes in chronic postischemia pain model rats. (a) Before O-ring application, (b) during O-ring application,
(c) 1 hour after reperfusion, and (d) 4 h after reperfusion.

pathogenesis of CRPS [12–14], and recent research suggests
that changes in cortical structures can contribute to the
pathophysiology of CRPS [15].

Thus, the brain seems to play an important role in the
development and maintenance of symptoms and signs in
patients with CRPS. Some researchers insist that the periph-
eral changes in CRPS must be understood as a manifestation
of changes in the brain [16]. Therefore, we postulated that
protein expression would be altered in the CRPS-affected
brain. However, there have been no studies on the changes of
cerebral protein expression in CRPS. Therefore, to verify our
hypothesis, we conducted a proteomic analysis using multi-
dimensional protein identification technology (MudPIT) in
a chronic postischemia perfusion (CPIP) rat model, a novel
and widely used experimental model of CRPS type 1 [17].

2. Materials and Methods

2.1. Animals. This study was approved by the Institutional
Animal Care and Use Committee of Seoul National Univer-
sity Bundang Hospital (IACUC number 52-2009-033). Male
Sprague-Dawley rats weighing 200–250 g had free access to
food and water and were housed individually in cages with
soft bedding under a 12 h night/day light cycle at a constant
temperature of 20–22∘C and a humidity level of 55–60%.The
animals were acclimatized for at least 1 week prior to the CPIP
procedure.

2.2. CPIP Model Generation. The CPIP animal model was
generated according to previous methods [17]. Briefly, after

induction of anesthesia with isoflurane, a tight fitting O-
ring (O-ring West, Seattle, WA, USA) with a 5.5mm internal
diameter was applied to the left hind limb of each anes-
thetized rat just proximal to the left ankle joint for 3 h. The
O-ring was then removed from the anesthetized rat, allowing
reperfusion of the hind limb (Figure 1). The animals in the
control group underwent anesthesia similar to the CPIP
animals, but the O-ring was not placed around the hind limb.

2.3. Behavioral Tests. All behavioral tests were performed
during the daylight portion of the regulated circadian cycle
between 9 a.m. and 3 p.m. To assess themechanical threshold,
the rats were placed in individual plastic cages with wire
mesh bottoms. After 20min acclimatization, calibrated von
Frey filaments (Stoelting Co., Wood Dale, IL, USA) with
logarithmically increasing stiffness of 0.41, 0.70, 1.20, 2.00,
3.63, 5.50, 8.50, and 15.10 g were applied to the midplantar
surface of the hind paw. The mechanical threshold was
assessed using an up-down statistical method [18]. Then,
the change in the mechanical threshold (CMT, %) was
calculated. The mechanical threshold was examined during
the postreperfusion period: 1 h, 4 h, 24 h, 48 h, day 7, and day
21. The CMT was calculated by following equation:

CMT (%) =
𝑀post −𝑀pre

𝑀pre
× 100. (1)

We used the findings from the neurobehavioral test on day
21 to classify the animals into groups: rats whose CMT
was decreased 50% or more after the CPIP procedure were
classified as the successful CPIP (A) group. The mechanical
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threshold of the animals in the control (C) group was also
examined and compared using repeated-measures analysis of
variance. All animals were sacrificed 3 weeks after the CPIP
procedure for proteomic analysis.

2.4. Proteomic Analysis. The difference in cerebral protein
expression between Groups A and C was explored using a
MudPIT as follows.

2.4.1. Protein Extraction. A total of six animals (three from
Groups A and C) were used for the mass spectrometry
analysis. On the day 21, right half of each rat cerebrum was
grinded using a mortar in liquid nitrogen. The tissue powder
was kept at −80∘C. The tissue powder was resolubilized in
a small volume of 8M urea, 100mM Tris-HCl, pH 8.5, and
1mM dithiothreitol (DTT) for two hours. The homogenates
were sonicated and centrifuged at 100,000×g for 1 h. Next,
5mM DTT was added to the homogenate for 30min at 37∘C
and alkylated with 25mM iodoacetamide for 30min at 37∘C
in the dark.The samples were then diluted with 2M urea and
with 50mMTris-HCl, pH 8.0, and digested at 37∘C overnight
with sequence grade trypsin (Promega Co., Fitchburg, MA,
USA) diluted 1 : 50 in 5mM CaCl

2
.

2.4.2. MudPIT. Peptides were separated with an Agilent 1100
series high-performance liquid chromatography (HPLC)
pump (Agilent technologies, Santa Clara, CA, USA) con-
nected to a linear quadruple ion-trapmass spectrometer (MS,
LTQ, Thermo-Finnigan, San Jose, CA, USA) using an in-
house-built nanoelectrospray ionization interface. To identify
peptides, the ion-trap mass spectrometer was operated in a
data-dependent MS/MS mode (𝑚/𝑧 400–2000), in which a
full MS scan was followed by 10 MS/MS scans and the tem-
perature of the heated capillary was 200∘C. MS/MS spectra
were generated in the positive ion mode at an electrospray
voltage of 2.5 kV and normalized collision energy of 35%.
An analytical column-fused (100 𝜇m internal diameter) silica
capillary microcolumn (Polymicro technologies, Phoenix,
AZ, USA) was pulled to a fine tip using a laser puller and
packed with 7 cm of 5 𝜇m C18 reverse-phase resin, which
was connected to an internal diameter of 250 𝜇m fused-silica
trapping column packed with 2 cm of SCX followed by 2 cm
ofC18 resin. Each 30 𝜇g peptidemixturewasmanually loaded
onto separate columns using a pressure vessel. A seven-
step chromatography run was carried out on each sample
and three buffers were used (buffer A: 5% ACN/0.1% formic
acid, buffer B: 80% ACN/0.1% formic acid, and buffer C: 5%
ACN/0.1% formic acid/500mM ammonium acetate).

2.4.3. Data Searching and Analysis. AcquiredMS/MS spectra
were searched against an international protein index “rat v.
3.78 FASTA-format decoy database” downloaded from Euro-
pean Bioinformatics Institute (EBI, http://www.ebi.ac.uk/).
TheSEQUESTalgorithm [19]was used to find the bestmatch-
ing sequences from the database with BioWorks 3.3 (Thermo
Fisher Scientific Inc., Rockford, IL, USA) for fully tryptic
peptides. The mass of the amino acid cysteine was statically
modified by +57Da and the differential modification search
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Figure 2: Change in mechanical threshold (%). Group A showed a
significant decrease in mechanical threshold compared to group C
(𝑛 = 7 in each group). Asterisk (∗) indicates 𝑃 < 0.05 at each time
point. Group A: CPIP group and Group C: control group.

was performed for oxidation (+16Da on Met). Xcorr values
were based on tryptic peptides and charge states following 1.8
for singly charged peptides, 2.5 for doubly charged peptides,
3.5 for triply charged peptides, and 0.08 for ΔCn (DTASelect
v. 2.0.39). The analysis of protein fold-change was quantified
by an overall spectral counting method comparison of label-
free methods for quantifying human proteins [20].

3. Results

3.1. Behavioral Tests. A total of 14 animals (𝑛 = 7 per
group) were included in the behavioral test. Before the
CPIP procedure, there were no differences in the mechanical
threshold between the groups. However, Group A exhibited a
significant decrease in themechanical threshold compared to
Group C after the CPIP procedure (𝑃 < 0.01, Figure 2). The
mean differences of CMT (%) inGroupA compared toGroup
Cwere −41.5, −73.2, −92.3, −98.2, −92.2, and −95.3 after CPIP
procedure 1 h, 4 h, day 1, day 2, day 7, and day 21, respectively.

3.2. Differential Protein Expression in the Rat Cerebrum. A
total of 454 proteins were differentially expressed between
Groups A and C under the criterion of 𝑃 value <0.1. Among
the 454 proteins, we selected those found in the cerebrum of
all study animals in either group and excluded “uncharacter-
ized proteins” and “hypothetical proteins.” Finally, we found
155 differentially expressed proteins between Group A and
Group C: 125 increased (Table 6) and 30 decreased (Table 7).
Specifically, expression of proteins related to cell signal-
ing (Table 1), synaptic plasticity (Table 2), regulation of cell
proliferation (Table 3), and cytoskeletal formation (Table 4)
was increased in Group A. Also, expression of a group
of protein kinases (calmodulin dependent protein kinase
II beta M isoform, casein kinase 2, phosphoenolpyruvate
carboxykinase 2, mitogen-activated protein kinase 4, protein
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Table 1: Increased cerebral proteins in the chronic post-ischemia pain group; proteins which might be related to cell signaling.

Number Symbol Description 𝑃 value
1 Kctd12 Potassium channel tetramerisation domain containing 12 0.004
2 Ecsit Evolutionarily conserved signaling intermediate in Toll pathway, mitochondrial 0.004
3 Tns1 Tensin 1 0.004
4 Ccbp2 Chemokine-binding protein 2 0.004
5 Apba1 Amyloid beta A4 precursor protein-binding family A member 1 0.008
6 Tnc Tenascin C 0.008
7 Rabl2b RAB, member of RAS oncogene family-like 2B 0.008
8 Epha4 Eph receptor A4 0.035
9 Rab6a Ras-related protein Rab-6A 0.038
10 Gpr158 G protein-coupled receptor 158 0.042
11 Anxa2 Isoform Short of Annexin A2 0.043
12 Hgs Isoform 1 of hepatocyte growth factor-regulated tyrosine kinase substrate 0.054
13 Prkcd Isoform 1 of protein kinase C delta type 0.060
14 Gabarapl2 Gamma-aminobutyric acid receptor-associated protein-like 2 0.065
15 Map2k4 Dual specificity mitogen-activated protein kinase 4 0.066
16 Cacng2 Voltage-dependent calcium channel gamma-2 subunit 0.083
17 Phb2 Prohibitin-2 0.086
18 Camk2b Calmodulin-dependent protein kinase II beta M isoform 0.086
19 Anxa5 Annexin A5 0.093
20 Scn2a1 Sodium channel Nav1.2 0.095
21 Rab10 Ras-related protein Rab-10 0.097

Table 2: Increased cerebral proteins in the chronic postischemia pain group; proteins which might be related to synaptic plasticity.

Number Symbol Description 𝑃 value
1 Itpr2 Inositol 1,4,5-trisphosphate receptor type 2 0.001
2 Kctd12 Potassium channel tetramerisation domain containing 12 0.004
3 Grid2 Glutamate receptor delta-2 subunit 0.004
4 Baiap3 BAI1-associated protein 3-like isoform 2 0.008
5 Atad1 ATPase family, AAA domain containing 1 0.008
6 Pick1 PRKCA-binding protein 0.008
7 Nlgn3 Isoform 1 of Neuroligin-3 0.056
8 Nudc Nuclear migration protein nudC 0.085
9 Camk2b Calmodulin-dependent protein kinase II beta M isoform 0.086

Table 3: Increased cerebral proteins in the chronic postischemia pain group; proteinswhichmight be related to regulation of cell proliferation.

Number Symbol Description 𝑃 value
1 Pik3r4 Phosphoinositide 3-kinase regulatory subunit 4 0.001
2 Itpr2 Inositol 1,4,5-trisphosphate receptor type 2 0.001
3 Anp32b Acidic leucine-rich nuclear phosphoprotein 32 family member B 0.002
4 Plk1 Serine/threonine-protein kinase 0.004
5 Drg2 Developmentally regulated GTP binding protein 2-like 0.004
6 Dmwd Dystrophia myotonica-containing WD repeat motif 0.008
7 Acin1 Apoptotic chromatin condensation inducer 1 protein 0.008
8 Pole2 Polymerase (DNA directed), epsilon 2 0.008
9 Cyld Ubiquitin carboxyl-terminal hydrolase 0.076
10 Csnk2a2 Casein kinase 2, alpha prime polypeptide 0.084
11 Rab10 Ras-related protein Rab-10 0.097
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Table 4: Increased cerebral proteins in the chronic postischemia pain group; proteins which might be related to cytoskeletal formation.

Number Symbol Description 𝑃 value
1 Krt4 Keratin, type II cytoskeletal 4 0.008
2 Sntb2 Syntrophin, beta 2 0.008
3 Ckap5 Cytoskeleton associated protein 5 0.038
4 Fermt2 Fermitin family homolog 2 0.063
5 Cotl1 Coactosin-like protein 0.065
6 Rps5 40S ribosomal protein S5 0.072
7 Col1a2 Collagen alpha-2(I) chain 0.079
8 Actr10 Actin-related protein 10 homolog 0.080
9 Etl4 Enhancer trap locus 4-like 0.083
10 Farp1 FERM, RhoGEF (Arhgef), and pleckstrin domain protein 1 0.094

Table 5: Decreased cerebral proteins in the chronic postischemia pain group; proteins which might be related to cell signaling.

Number Symbol Description 𝑃 value
1 Vwa1 Von Willebrand factor A domain-containing protein 1 0.002
2 Ppp1r10 Serine/threonine-protein phosphatase 1 regulatory subunit 10 0.003
3 Slc4a8 Isoform 2 of electroneutral sodium bicarbonate exchanger 1 0.003
4 Daam2 Dishevelled associated activator of morphogenesis 2 0.003
5 Trim32 Tripartite motif protein 32 0.007
6 Slc1a1 Excitatory amino acid transporter 3 0.007
7 Spn Sialophorin 0.007
8 Crbn Cereblon 0.007
9 Thoc1 Da2-19 THO complex subunit 1 0.007
10 Lmo7 Lim domain only protein 7 0.007
11 Rps27a Ribosomal protein S27a 0.007
12 Sema4d Sema domain 0.043
13 Sec3l1 SEC3-like 1 0.047
14 Spna2 Alpha II spectrin 0.065
15 Pde10a Isoform 3 of cAMP- and cAMP-inhibited cGMP 3,5-cyclic phosphodiesterase 10A 0.065
16 Snx2 Sorting nexin 2 0.067
17 Slc25a3 Phosphate carrier protein, mitochondrial 0.068
18 Cox6a1 Cytochrome c oxidase subunit 6A1, mitochondrial 0.090

kinaseCdelta,N-terminal kinase like protein, uridine kinase-
like 1, serine/threonine protein kinase PLK 1, and phospho-
inositide 3 kinase regulatory subunit 4) and calcium-related
proteins (inositol 1,4,5-triphosphate receptor type 2, annexin
A1, annexinA2, annexinA5, voltage-dependent Ca2+ channel
gamma-2 subunit, and voltage-dependent Ca2+ channel beta-
3 subunit, and coiled-coil domain-containing protein 47) was
also elevated in Group A. However, several proteins were
decreased in group A. Specifically, expression of proteins
related to cell signaling (Table 5) and metabolism of fatty
acid (peroxisomal 3,2-trans-enoyl Co A isomerase, acetyl-
CoA acyltransferase 1b, and acetyl-CoA acetyltransferase 2)
were decreased. Also, proenkephalin A, protein cereblon, and
neuroserpin were decreased in Group A.

4. Discussion

In our study, various proteins were differentially expressed
in the cerebrum of CPIP animals. Specifically, expressions

of proteins related to cell signaling, synaptic plasticity,
regulation of cell proliferation, and cytoskeletal formation
were increased in Group A. These findings suggest that
both functional and structural changes may occur in the
cerebrum of CPIP animals, and altered protein expression
can be related to the development of CRPS. This is the first
study of cerebral protein expression changes in the CPIP rat
model.

We also found that inositol 1,4,5-triphosphate (IP3)
receptor type 2 and phosphoinositide 3 kinase (PI3K) regu-
latory subunit were also increased in Group A. IP3 receptor
is intracellular calcium release channel and is regulated by
calcium and calmodulin (CaM) [21]. And it is known that
PI3K is an important mediator of central sensitization in
painful inflammatory condition [22], and many tumorous
conditions are related to this enzyme [23, 24]. Based on these
findings, cerebral overexpression of IP3 receptor type 2 and
PI3K can be related to the sustained pain after rat CPIP
model.
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Table 6: Cerebral proteins with increased expression in the chronic postischemia pain (CPIP) group.

Number Symbol Description 𝑃 value
1 Itpr2 Inositol 1,4,5-trisphosphate receptor type 2 0.001
2 Pik3r4 Phosphoinositide 3-kinase regulatory subunit 4 0.001
3 Exoc7 Exocyst complex component 7 0.001
4 Rcor2 REST corepressor 2 0.001
5 Anp32b Acidic leucine-rich nuclear phosphoprotein 32 family member B 0.002
6 Qrich2 Glutamine rich 2-like 0.002
7 Dnah11 Dynein, axonemal, heavy chain 11 0.002
8 Plk1 Serine/threonine-protein kinase PLK1 0.004
9 Ephx1 Epoxide hydrolase 1 0.004
10 Cacnb3 Voltage-dependent L-type calcium channel subunit beta-3 0.004
11 Anxa1 Annexin A1 0.004
12 Tns1 Tensin 1 0.004
13 Hdac4 Histone deacetylase 4 0.004
14 Osbpl7 Oxysterol binding protein like 7 0.004
15 Ecsit Evolutionarily conserved signaling intermediate in Toll pathway, mitochondrial 0.004
16 Sorbs3 Sorbin and SH3 domain containing 3, isoform CRA b 0.004
17 Kctd12 Potassium channel tetramerisation domain containing 12 0.004
18 Ccbp2 Chemokine-binding protein 2 0.004
19 Drg2 Developmentally regulated GTP binding protein 2-like 0.004
20 Grid2 Glutamate receptor delta-2 subunit 0.004
21 Safb Scaffold attachment factor B1 0.008
22 Dnm3 Isoform 1 of Dynamin-3 0.008
23 Dnajc16 DnaJ homolog subfamily C member 16 0.008
24 Sntb2 Syntrophin, beta 2 0.008
25 Pnpt1 Polyribonucleotide nucleotidyltransferase 1 0.008
26 Eif3g Eukaryotic translation initiation factor 3 subunit G 0.008
27 Pole2 Polymerase (DNA directed), epsilon 2 0.008
28 Scyl1 N-terminal kinase-like protein 0.008
29 Atad1 ATPase family, AAA domain containing 0.008
30 Krt4 Keratin, type II cytoskeletal 4 0.008
31 Ctsa Protective protein for beta-galactosidase 0.008
32 Abca1 5 ATP-binding cassette, subfamily A (ABC1), member 15 0.008
33 Dmwd Dystrophia myotonica-containing WD repeat motif 0.008
34 Baiap3 BAI1-associated protein 3-like isoform 2 0.008
35 Znf512b Uridine kinase-like 1 0.008
36 Gale Gale protein 0.008
37 Pick1 PRKCA-binding protein 0.008
38 Acin1 Acin1 protein 0.008
39 Chid1 Chitinase domain containing 1 0.008
40 Pcyox1l Pcyox1l protein 0.008
41 Rabl2b RAB, member of RAS oncogene family-like 2B 0.008
42 Serpina3k Serine protease inhibitor A3K 0.008
43 Glg1 Golgi apparatus protein 1 0.008
44 Tnc Tenascin C 0.008
45 Lysmd1 LysM and putative peptidoglycan-binding domain-containing protein 1 0.008
46 Apba1 Amyloid beta A4 precursor protein-binding family A member 1 0.008
47 Ckap5 Cytoskeleton associated protein 5 0.038
48 Ndufab1 Acyl carrier protein 0.035
49 Epha4 Eph receptor A4 0.035
50 Kalrn Isoform 2 of Kalirin 0.035
51 Myh14 Myosin, heavy chain 14 0.035
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Table 6: Continued.

Number Symbol Description 𝑃 value
52 Anxa2 Isoform Short of Annexin A2 0.043
53 Ccdc47 Coiled-coil domain-containing protein 47 0.043
54 Gpr158 G protein-coupled receptor 158 0.042
55 Cugbp1 CUGBP Elav-like family member 1 0.041
56 Hba2 Hemoglobin alpha 2 chain 0.040
57 Acsl3 Isoform long of long-chain-fatty-acid-CoA ligase 3 0.040
58 Rab6a Ras-related protein Rab-6A 0.038
59 Hbb Hemoglobin subunit beta-1 0.048
60 Hbb-b1 Zero beta-1 globin 0.044
61 Khsrp Far upstream element-binding protein 2 0.043
62 Scamp5 Secretory carrier-associated membrane protein 5 0.048
63 Aldh3a2 Fatty aldehyde dehydrogenase 0.049
64 Mesdc2 LDLR chaperone MESD 0.049
65 Rab3d GTP-binding protein Rab-3D 0.051
66 Vps29 Isoform 2 of vacuolar protein sorting-associated protein 29 0.051
67 Psma3l Psma3 Proteasome subunit alpha type-3 0.053
68 Hgs Isoform 1 of hepatocyte growth factor-regulated tyrosine kinase 0.054
69 Nlgn3 Isoform 1 of neuroligin-3 0.056
70 Cygb Cytoglobin 0.060
71 Pcsk2 Neuroendocrine convertase 2 0.060
72 Prkcd Isoform 1 of Protein kinase C delta 0.060
73 Fnbp4 Formin binding protein 4 0.062
74 Eif2s3x Eukaryotic translation initiation factor 2 subunit 3 0.063
75 Fermt2 Fermitin family homolog 2 0.063
76 Vps33a Vacuolar protein sorting-associated protein 33A 0.063
77 SNX3 Sorting nexin-3 0.063
78 Exoc8 Exocyst complex component 8 0.063
79 Thrap3 Thyroid hormone receptor-associated protein 3 0.063
80 Ndufa1 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 1 0.063
81 Gabarapl2 Gamma-aminobutyric acid receptor-associated protein-like 2 0.065
82 Cotl1 Coactosin-like protein 0.065
83 Gad1 Glutamate decarboxylase 1 0.065
84 Ehd1 EH domain-containing protein 1 0.066
85 Map2k4 Mitogen-activated protein kinase 4 0.066
86 Mug1 Murinoglobulin (alpha-1-inhibitor 3) 0.070
87 Pck2 Phosphoenolpyruvate carboxykinase 2 0.072
88 Rps5 40S ribosomal protein S5 0.072
89 Ap2s1 Adaptor protein complex 2 subunit sigma 0.075
90 Tpp1 Tripeptidyl-peptidase 1 0.076
91 Cyld Ubiquitin carboxyl-terminal hydrolase 0.076
92 Nuc Nucleolin-like protein 0.079
93 Col1a2 Collagen alpha-2(I) chain 0.079
94 Slc6a17 Orphan sodium- and chloride-dependent neurotransmitter transporter NTT4 0.079
95 Actr10 Actin-related protein 10 homolog 0.080
96 Cacng2 Voltage-dependent calcium channel gamma-2 subunit 0.083
97 Ampd3 AMP deaminase 3 0.083
98 Eif5b-ps1 Eif5b Eukaryotic translation initiation factor 5B 0.083
99 Timm9 Mitochondrial import inner membrane translocase subunit Tim9 0.083
100 Etl4 Enhancer trap locus 4-like 0.083
101 Csnk2a2 Casein kinase 2, alpha prime polypeptide 0.084
102 Cct6a Chaperonin containing TCP1 subunit 6a 0.084
103 Nudc Nuclear migration protein nud 0.085
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Table 6: Continued.

Number Symbol Description 𝑃 value
104 Ndufa13 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 13 0.085
105 Camk2b Calmodulin-dependent protein kinase II beta M isoform 0.086
106 Clta Isoform brain of clathrin light chain A 0.086
107 Asah1 Acid ceramidase 0.086
108 Phb2 Prohibitin-2 0.086
109 Sod1 Superoxide dismutase [Cu-Zn] 0.088
110 Ndufs8 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 8 0.090
111 Slc17a7 Isoform 1 of vesicular glutamate transporter 1 0.091
112 Ugp2 UDP-glucose pyrophosphorylase 2, isoform CRA-b 0.091
113 Rala Ras-related protein Ral-A 0.091
114 Anxa5 Annexin A5 0.093
115 Hnrph1 Isoform 1 of heterogeneous nuclear ribonucleoprotein H 0.093
116 Stxbp5l Syntaxin binding protein 5-like 0.093
117 Abcd3 ATP-binding cassette subfamily D member 3 0.094
118 Farp1 FERM, RhoGEF (Arhgef), and pleckstrin domain protein 1 0.094
119 Leng4 Leng4 protein 0.094
120 Scn2a1 Sodium channel Nav1.2 0.095
121 Rab10 Ras-related protein Rab-10 0.097
122 Aldh7a1 Alpha-aminoadipic semialdehyde dehydrogenase 0.097
123 Cltb Isoform Brain of Clathrin light chain B 0.097
124 Phyhipl Isoform 1 of phytanoyl-CoA hydroxylase-interacting protein-like 0.098
125 Synpo Isoform 1 of synaptopodin 0.099

Among the 155 proteins expressed differentially, calcium
related proteins, including calcium calmodulin kinase II
(CaMKII), were increased in group A. Calcium plays a
crucial role in many physiological processes, including signal
transduction, cell growth, and proliferation. CaMKII is one of
the most prominent protein kinases, present in every tissue,
but most concentrated in the brain. CaMKII plays various
roles, including synthesis and release of neurotransmitter
modulation of ion channel activity, synaptic plasticity, learn-
ing, andmemory [25–28].Moreover, CaMKII is thought to be
important in central sensitization [29–31] and is implicated
in central neuropathic pain [31] and long term potentiation
(LTP) [32]. LTP is initiated when NMDA receptors allow
Ca2+ into the postsynaptic neuron, and this Ca2+ influx
activates CaMKII. LTP in nociceptive spinal pathways shares
several features with hyperalgesia, and LTP at synapses
constitutes a contemporary cellular model for pain [33, 34].
And it was reported that the overexpression of CaMKII was
observed in the dorsal root ganglia of rat model of type 1
diabetes [35], and the inhibition of CaMKII can reverse the
chronic inflammatory pain [36].These findings are consistent
with the result of our study. Therefore, overexpression of
cerebral CaMKII implicates cerebral involvement in CRPS,
and CaMKII can be a target for the prevention and treatment
of CRPS.

In addition, we observed that proenkephalin A, cereblon,
and neuroserpin decreased in CPIP animals. Proenkephalin
is an endogenous opioid hormone which produces the
enkephalin peptide. Enkephalin provides a role as inhibiting
neurotransmitters in the pathway for pain perception to
reduce pain perception. Therefore, decreased proenkephalin

A in the cerebrum of CPIP animals seems to reflect the
blunted ability to pain modulation and exaggerated response
to the pain. For the cereblon, it is known to be related
to memory, learning, and intelligence [37], and anomalous
cereblon expression can lead to memory and learning deficit
[38]. The defect in cereblon gene is associated with mental
retardation [39]. Therefore, decreased expression of cereblon
in CPIP animals in our study might be related to the
deficit in the learning and memory. Neuroserpin, which was
known to be related to neurogenesis [40] was decreased
in CPIP animals in our study. Neuroserpin plays a role of
neuronal protection in pathologic state, and point mutation
can cause encephalopathy [41]. Also it has been known that
deficiency in neuroserpin exacerbates ischemic brain injury
[42]. Therefore, the decreased expression of neuroserpin in
CPIP animals in our study might be related to the altered or
defected cerebral function.

In our study, we used the CPIP model because CRPS
develops after a minor injury without distinguishable nerve
lesions. This model is considered a novel animal model of
CRPS type 1, in which nerve injury or bone fracture usually
does not exist.The previous proteomic studies in neuropathic
pain research usually used the nerve ligation model or nerve
crush injury model [43, 44]. Since the CPIP model exhibits
similar features of human CRPS type 1, our results may have
an implication for cerebral involvement in human CRPS.The
mechanical threshold was similar at the beginning (day 1)
and after 21 days. This is because we took no actions for
treatment on the CPIP animals and therefore the initial pain
seemed to persist without change. We did not measure the
mechanical threshold in the contralateral paws, because it has
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Table 7: Cerebral proteins with decreased expression in the chronic postischemia pain (CPIP) group.

Number Symbol Description 𝑃 value
1 Vwa1 Von Willebrand factor A domain-containing protein 1 0.002
2 Ppp1r10 Serine/threonine-protein phosphatase 1 regulatory subunit 10 0.003
3 Poldip2 DNA-directed polymerase delta interacting protein 2 0.003
4 Slc4a8 Isoform 2 of electroneutral sodium bicarbonate exchanger 1 0.003
5 Daam2 Dishevelled associated activator of morphogenesis 2 0.003
6 Cep350 Centrosome-associated protein 350 0.003
7 Tra2b Transformer-2 protein homolog beta 0.007
8 Epb4.1l1 Isoform L of band 4.1-like protein 1 0.007
9 Trim32 Tripartite motif protein 32 0.007
10 Slc1a1 Excitatory amino acid transporter 3 0.007
11 Spn Sialophorin 0.007
12 Crbn Cereblon 0.007
13 Thoc1 Da2-19 THO complex subunit 1 0.007
14 Lmo7 Lim domain only protein 7 0.007
15 Rps27a Ribosomal protein S27a 0.007
16 Sema4d Sema domain, immunoglobulin domain (Ig), transmembrane domain 0.043
17 Sec3l1 SEC3-like 1 0.047
18 Ikbkap Elongator complex protein 1 0.058
19 Peci Peroxisomal 3,2-trans-enoyl-CoA isomerase 0.058
20 Penk Proenkephalin-A 0.058
21 Bles03 basophilic leukemia expressed protein 0.058
22 Spna2 Alpha II spectrin 0.065
23 Pde10a Isoform 3 of cAMP and cAMP-inhibited cGMP 3,5-cyclic phosphodiesterase 10A 0.065
24 Snx2 Sorting nexin 2 0.067
25 Slc25a3 Phosphate carrier protein, mitochondrial 0.068
26 Serpini1 Neuroserpin 0.070
27 Acaa1b Acetyl-CoA acyltransferase 1b 0.077
28 H2afz Histone H2A.Z 0.079
29 Cox6a1 Cytochrome c oxidase subunit 6A1, mitochondrial 0.090
30 Acat2 Acetyl-CoA acetyltransferase 2 0.094

been already known that the mechanical threshold decreases
in the contralateral paws of the CPIP animals, and ipsilateral
plantar allodynia is known to be the most characteristic
feature of the CPIP animals [17]. The CMT in the ipsilateral
pawwas used for the criterion of the successful establishment
of the animal model.

This study had some limitations. First, the differentially
expressed cerebral proteins may not be specific to CPIP
animals. These proteins may also change in response to
peripheral noxious stimuli. However, CPIP animals exhibit
many features of human CRPS type 1, and thus our findings
can be extrapolated to human CRPS. Second, because of
the complexity of protein interactions in many physiologic
pathways in the brain, it is still unclear which is the key
protein in the development of CRPS.

Third, we performed proteomic analysis only 21 days after
CPIP model generation. However, protein expression related
to the development and maintenance of CRPS can differ
according to the time course. Aproper time course to evaluate
a possible correlation between pain behavior development
andproteinmodulationmay be useful to discriminate protein

changes associated with the early inflammation from that one
responsible for possible structural or functional alterations
(neural sensitization) occurring at central level. Further
investigation of the cerebral mechanism of CRPS is required.

5. Conclusion

In conclusion, the cerebral proteome is altered after CPIP
injury;many functional and structural changes seem to occur
in the cerebrum.These findings support the notion of cerebral
involvement in CRPS. Therefore, treatment of CRPS should
target not only the periphery, but also the brain.
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It is now well established that glial cells not only provide mechanical and trophic support to neurons but can directly contribute to
neurotransmission, for example, by release and uptake of neurotransmitters and by secreting pro- and anti-inflammatorymediators.
This has greatly changed our attitude towards acute and chronic disorders, paving the way for new therapeutic approaches targeting
activated glial cells to indirectlymodulate and/or restore neuronal functions. A deeper understanding of themolecularmechanisms
and signaling pathways involved in neuron-to-glia and glia-to-glia communication that can be pharmacologically targeted is
therefore a mandatory step toward the success of this new healing strategy. This holds true also in the field of pain transmission,
where the key involvement of astrocytes andmicroglia in the central nervous system and satellite glial cells in peripheral ganglia has
been clearly demonstrated, and literally hundreds of signalingmolecules have been identified. Here, we shall focus on one emerging
signaling system involved in the cross talk between neurons and glial cells, the purinergic system, consisting of extracellular
nucleotides and nucleosides and their membrane receptors. Specifically, we shall summarize existing evidence of novel “druggable”
glial purinergic targets, which could help in the development of innovative analgesic approaches to chronic pain states.

1. Chronic Pain: Neurons Need Costars
to Be Sensitized

Several lines of evidence from basic pain research using
diverse animal models indicate that an aberrant excitability
of doreceptor agonists, such asrsal horn neurons evoked by
peripheral sensory inputs is at the basis of both neuropathic
and inflammatory pain [1, 2]. While neurons have long been
considered the only cell type involved in pain development
and transmission, recent studies have shown that patho-
logically altered neurotransmission requires communication
with glial cells [3].

Microglia show a long-term response to a wide range
of stimuli controlling physiological homeostasis, including
peripheral nerve injury (PNI). In response to PNI, microglia
activation in the spinal cord leads to cell hypertrophy,
increase in cell number, and altered gene expression [4–6]. By
responding to extracellular stimuli, activated glial cells evoke
various cellular responses, such as production and release

of bioactive factors including cytokines and neurotrophic
factors [7], which in turn lead to the hyperexcitability of
dorsal horn neurons and, consequently, to the development
of neuropathic pain.

Not only spinal microglia but also astrocytes are involved
in neuronal sensitization in the spinal cord. In fact, it has
been hypothesized that microglia sense nerve damage or
proalgogenic inputs from the periphery, and as a conse-
quence they release several mediators that either act directly
on dorsal horn neurons or promote reactive astrogliosis
[8]. Reactive astrogliosis is a typical double-edged sword
phenomenon, showing both neurotoxic and neuroprotective
features, depending upon the type of injury and the basal
conditions of the affected tissue [9]. This is possibly true also
in pain models, where both astrocyte-derived proalgogenic
and analgesic molecules have been detected [8].

Glial cells are directly involved in nociception not only in
the central nervous system (CNS), but also in the periphery.
In fact, a peculiar type of glial cells, named satellite glial
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cells (SGCs), is located in peripheral sensory ganglia, where
they enwrap neuronal bodies, thus constituting distinct
morphological and functional units [10]. In the past few
years, their central role in the development and maintenance
of chronic pain has been clearly demonstrated by several
authors, reporting an increased expression and release of
mediators such as interleukin-1𝛽 (IL-1𝛽) and tumor necrosis
factor alpha (TNF𝛼) [11, 12], as well as their increased gap
junction-mediated coupling following nerve injury [13]. In
response to chronic pain, SGCs also upregulate the expression
of glial fibrillary acidic protein (GFAP) and undergo cell
division [14, 15].

The currently established role of glial cells in nociception
suggests that the pharmacologicalmanipulation of their reac-
tivity might represent a groundbreaking analgesic strategy,
as an alternative to a classical “neuron-centric” approach.
It is therefore mandatory to identify the most promising
key signaling pathways contributing to glial cell reaction to
painful stimulation, which could be exploited pharmacolog-
ically. Here, we shall focus on the purinergic system, which
in recent years has emerged as one of the most innovative
and yet partially unexplored signaling systems controlling
glial cell function under various pathological conditions,
including pain. Far from being exhaustive in reviewing the
exponentially growing number of publications in this field,
this review aims at convincing the pain community that
extracellular nucleotides and nucleosides are fundamental
pro- and antinociceptive signals, mostly through their activ-
ity on peripheral and central glial cells.

2. Ionic Receptors Activated by Extracellular
Nucleotides: The P2X Receptor Family

Extracellular nucleotides, mostly ATP but possibly also
UTP, are costored in synaptic vesicles and actively released
during physiological or pathological (i.e., excitotoxic) neu-
rotransmission [16]. Glial sources of ATP have been also
demonstrated, which contribute to physiological cell-to-cell
communication [17]. Additionally, extracellular concentra-
tions of nucleotides increase severalfold at sites of tissue
damage, due to leakage of the intracellular nucleotide pool
and degradation of nucleic acids [16, 17].

P2X receptors are membrane ion channels that open in
response to the binding of extracellular ATP and elicit rapid
responses (<10ms), resulting in selective permeability toNa+,
K+, and Ca2+ cations [18]. In vertebrates, seven genes encode
P2X receptor subunits, which are 40–50% identical in their
amino acidic sequence. Each subunit has two transmembrane
domains, separated by an extracellular domain (∼280 amino
acids). Channels function as trimers of several subunits, and
the extracellular domain is the portion containing the bind-
ing sites for nucleotides. To date, 7 homomeric (P2X1, P2X2,
P2X3, P2X4, P2X5, P2X6, and P2X7), and 6 heteromeric
P2X receptors (P2X1/2, P2X1/4, P2X1/5, P2X2/3, P2X2/6, and
P2X4/6) have been identified, the latter showing specific
pharmacological differences compared to their homomerical
counterpart [18]. P2X receptors are differentially distributed
among the cell types in different brain areas. Peripheral

neurons mainly express the P2X3 and P2X2/3 receptor
subtypes, which are involved in pain and temperature per-
ception (see below) [19]. All P2X receptor subtypes can
modulate membrane action potential. They are expressed
either at the presynaptic level, regulating neurotransmitters
release through the modulation of intracellular levels of Ca2+
ions, or postsynaptically, where they interact with ionotropic
receptors (i.e., nicotinic; gamma-aminobutyric acid, GABA;
N-Methyl-D-Aspartate, NMDA) via Ca2+-dependent kinases
[16]. P2X receptors are involved in a variety of physiological
processes, including the modulation of cardiac rhythm and
contractility, vascular tone, platelet aggregation, macrophage
activation, apoptosis, neuron-glia communication, andmod-
ulation of nociception [20].

3. P2X Receptors and Chronic Pain: Not Only
a Matter of Neurons

Since the first publications demonstrating the involvement
of ATP in pain transmission [21], the expression levels
and functions of P2X receptors have been characterized
in neurons from dorsal root ganglia (DRG) and in the
trigeminal nerve [22]. All P2X receptor subtypes, with the
exception of P2X7, are expressed in sensory neurons; among
these, the P2X3 subtype showed the highest expression levels
[23]. To date, the most important P2X receptor subtypes
involved in pain transmission are (i) the P2X3 and P2X2/3
receptor subtypes, expressed by sensory neurons, (ii) the
P2X4 receptor, expressed by CNS microglia, and (iii) the
P2X7 receptor, expressed by CNS microglia and astrocytes
and by SGCs in sensory ganglia [24].

4. Neuronal P2X3 Receptors: Key
Players in Nociception

Although this review article is focused on glial purinergic
receptors involved in pain transmission, a brief summary
of data on neuronal P2X3 subtype, the most studied P2X
receptor subtype involved in nociception, cannot be omitted.
P2X3 receptors are selectively expressed at high levels in
nociceptive primary sensory neurons in trigeminal, nodose,
and dorsal root ganglia [25]. The selective expression of
P2X3 receptors in these areas involved in pain transmission
suggested that they may be crucial in processing pain signals,
and several studies have evaluated the relationships between
P2X3 receptors and pain sensation.

P2X3 receptors have been initially cloned and function-
ally characterized from rat DRG [26], showing their unique
expression in small and medium size sensory neurons and
their absence in large diameter neurons [27, 28]. On the other
hand, P2X3 has never been found to be expressed by glial
cells, by either immunohistochemical analysis or calcium
imaging [29]. P2X3 immunoreactivity has also been observed
in other structures indirectly involved in nociceptive trans-
mission, such as the nucleus of the solitary tract, and the
spinal trigeminal nucleus [30].

Anumber of in vitro and in vivo studies have evaluated the
relationships between P2X3 receptors and pain transmission.
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Local injection of P2X3 receptor agonists, such as ATP
or 𝛼,𝛽-methyleneATP, into the hind paws of rats induced
nociceptive behaviors and reduced thermal and mechanical
thresholds [31, 32]. During inflammation and chronic con-
striction injuries, ATP concentrations and neuronal expres-
sion of P2X3 receptors are upregulated in DRG, trigeminal
ganglion (TG), and spinal cord [33, 34]. In animal models of
inflammatory and neuropathic pain, P2X3 receptor knock-
out or its downregulation by antisense oligonucleotides or by
short interfering RNA significantly attenuated painful behav-
iors, including tactile allodynia and mechanical hyperalgesia
[35]. In addition, the nonselective P2X3 receptor antago-
nists TNP-ATP [2,3-O-(2,4,6 trinitrophenyl) adenosine-5-
triphosphate] and PPADS pyridoxal phosphate-6-azophenyl-
2,4 disulfonic acid reduced the excitability of DRG neurons
and neuropathic pain [36]. Overall, these findings suggest
that neuronal P2X3 receptors play a crucial role in the
development and maintenance of chronic pain.

Despite the above-mentioned results, more recent studies
have shown a transient decrease in P2X3 expression in a
model of partial damage of themental nerve (belonging to the
mandibular branch of the trigeminal nerve), or no significant
expression changes following resection of the lingual nerve
[37]. It is possible that these differences reflect the type of
lesion: after a constriction (i.e., application of a ligature) an
increase in the expression levels is observed, while nerve
injury or full axotomy leads to reduction or no changes of
receptor expression. More importantly, it has been observed
that variations in P2X3 expression levels are modulated at
different time points after the lesion; a transient decrease in
the expression was observed in the first two weeks after nerve
injury, followed by an increase during the following weeks,
paralleled by the increased expression of glial cell-derived
neurotrophic factor (GDNF) and the generation of new
neuronal branches (sprouting) in the damaged sensory areas
[38]. Therefore, the timing and the type of lesion are critical
for the observed results. Finally, it is also worth mentioning
that P2X3 receptors are involved in the mechanism of action
of known analgesics, as recently shown for the nonsteroidal
anti-inflammatory drug naproxen, which inhibits P2X3 acti-
vation in the TG [39]. Moreover, it is now emerging that
bioactive molecules contained in analgesic preparation from
traditional Chinese medicine (such as tetramethylpyrazine,
sodium ferulate, and puerarin) can inhibit P2X3-mediated
transmission in primary afferent neurons [40].

5. Glial P2X4 and P2X7 Receptors

Microglia-neuron communication is bidirectional, and sev-
eral lines of evidence implicate ATP as a critical signaling
molecule [41–43]. Microglia expression of P2X receptors is
restricted to the P2X4 and P2X7 subtypes [42, 44], whose
activation evokes current responses, increases intracellular
[Ca2+], and causes the release of signalingmolecules affecting
neuronal functions [45, 46].

The central role of P2X4 receptor subtype in neuropathic
pain was first reported by [47]. In this paper, authors showed
that intrathecal injection of TNP-ATP, acting as antagonist

at P2X1-4 receptor subtypes, reverted tactile allodynia in
nerve-injured rats. On the contrary, treatment with PPADS,
antagonist at P2X1-3, 5, and 7 but not at P2X4 receptor, had
no effect. Authors therefore concluded that the main P2X
receptor subtype involved in central responses to peripheral
nerve injury is the P2X4 receptor, and the development
and maintenance of tactile allodynia require its activation.
To confirm this hypothesis, targeting P2X4 receptors with
antisense oligonucleotides [47] or the genetic deletion of
the P2rx4 gene [48] significantly attenuated nerve injury-
induced pain phenotypes. Moreover, the development of
tactile allodynia correlated with a progressive increase in
spinal P2X4 receptor expression, which is generally low in
näıve CNS [48].

Further immunohistochemical analysis of wild-type (wt)
mice, and studies on transgenic mice selectively expressing
the green fluorescent protein in microglial cells revealed
that this cell population rather than neurons or astrocytes
was expressing the P2X4 receptor subtype [48] and that the
increase in P2X4 receptor expression temporally correlated
with the development of tactile allodynia. P2X4 receptor
upregulation was a consequence, rather than a cause of
microglia activation; in fact, preventing the increase in P2X4
receptor did not affect the expression of protein markers
of microglia activation, such as complement receptor 3 or
the ionized calcium binding adaptor molecule-1 (Iba-1) [47,
48]. Interestingly, activation of microglial P2X4 receptor is
sufficient to elicit pain, since the intrathecal injection of P2X4
receptor-stimulated cultured microglia induced mechanical
allodynia in näıve animals [41, 47, 49]. Taken together,
pharmacological, genetic, and behavioral findings indicate
that activation of P2X4 receptor subtype expressed by spinal
microglia is both necessary and sufficient to induce tactile
allodynia after peripheral nerve injury.

Concerning the bidirectional cross talk between activated
microglia and dorsal horn neurons, the chemokine (C-C
motif) ligand 21 (CCL21) released from injured neurons has
been demonstrated to act as an upstream activator of P2X4
receptor [50], in close collaboration with interferon 𝛾, a
cytokine converting resting spinal microglia into its activated
state [51], and tryptase, a protease released from mast cells
that activates proteinase-activated receptor 2 in microglia
[52] (Figure 1). Another critical element for the upregulation
of P2X4 receptors expression is the extracellular matrix
molecule fibronectin, which modulates the transcriptional
and posttranscriptional levels of P2X4 receptor expression
in microglia through the activity of Lyn kinase and the
downstream activation of intracellular signaling pathways
involving phosphatidylinositol 3-kinase- (PI3 K-) Akt and
mitogen-activated protein kinase kinase- (MAPK kinase,
MEK-) extracellular signal-regulated kinase (ERK) [49, 53,
54]. The implications of this wide modulation network
and whether these elements are connected into a common
pathway controlling P2X4 receptor expression are still not
known.

On the other way around, it has been reported that
the activation of microglial P2X4 receptor promoted the
synthesis and release of brain-derived neurotrophic factor
(BDNF), through the activation of p38 MAPkinase [48, 55].
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Figure 1: Central role of microglial P2X4 receptors in mediating a molecular cascade leading to hypersensitivity after peripheral nerve
injury (PNI). The upper left cartoon shows the neuron-to-microglia cross talk triggered by neuronal injury, leading to the appearance of an
“activated” microglia phenotype, which expresses higher levels of the P2X4 receptor. The dotted rectangle is expanded in the lower panel,
showing the complexmolecular network responsible for P2X4 receptor upregulation and involving chemokines, growth factors, and integrins.
Activation of the P2X4 receptor ultimately leads to the recruitment and activation of p38MAP kinase. Reproduced from [56] with permission
from Nature Publishing Group.

BDNF in turn altered the transmembrane anion gradient in a
subpopulation of dorsal horn lamina I neurons, through the
downregulation of the neuronal chloride transporter KCC2.
This makes GABA and glycine act as depolarizing rather
than hyperpolarizing neurotransmitters, causing an aberrant
nociceptive output that contributes to the development of
neuropathic pain [41, 56].

In addition to the P2X4 subtype, microglial cells also
express functional P2X7 receptors. The P2X7 receptor is
a unique member of the P2X receptor family, since it is

only activated by high concentrations of ATP (>100𝜇M)
and can open a much larger membrane pore than any
other P2X channel [57]. Stimulation of P2X7 receptors is
implicated in microglia response to inflammation, release
of proinflammatory cytokines, like IL-1𝛽, and proliferation
[58], underlining the involvement of this receptor subtype in
inflammatory diseases and pain.

Although P2X7 receptors are expressed on a wide variety
of cell types, evidence for involvement of microglial P2X7
receptors in chronic neuropathic pain stems from findings
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that its activation causes the p38 MAPkinase-dependent
release of IL-1𝛽 and cathepsin S, which contribute to the
maintenance of mechanical hypersensitivity in the spinal
cord [59, 60]. Additional hints on the role of P2X7 receptors
in neuropathic pain have been provided by the demonstration
of reduced pain sensitivity in P2X7 receptor-deficient mice
[61] and by the analgesic effects exerted by P2X7 recep-
tor antagonists [62, 63]. In fact, authors demonstrated the
absence of inflammatory and neuropathic hypersensitivity In
fact, inmice lacking the P2X7 receptor, authors demonstrated
the absence of inflammatory and neuropathic hypersensitiv-
ity after both mechanical and thermal stimuli, accompanied
by a reduction of adjuvant-induced increases in IL-1𝛽, IL-6,
IL-10, andmacrophage chemoattractant protein-1, while nor-
mal nociceptive processing is preserved [61]. Moreover, P2X7
receptor was upregulated in human DRG and injured nerves
from chronic neuropathic pain patients [61]. Recent studies
also showed that P2X7 receptor expression is increased in
the ipsilateral spinal cord after sciatic nerve ligation and is
highly restricted tomicroglia; moreover, chronic constriction
injury- (CCI-) induced mechanical allodynia and thermal
hypersensitivity are reversed by intrathecal administration of
the selective P2X7 antagonist Brilliant Blue G [64].

Interestingly, a correlation between single nucleotide
polymorphisms (SNPs) within the coding sequence of the
P2rx7 gene and the sensitivity to chronic pain has been pro-
vided in both mice and humans. In fact, mice in which P2X7
receptors have impaired pore formation due to the P451L
mutation showed less allodynia than mice with the wt pore-
forming P2rx7 allele. Indeed, administration of a peptide,
which blocked pore formation but not cation channel activity,
selectively reduced nerve injury and inflammatory allodynia
only in wt mice. Moreover, in two independent human
chronic pain cohorts, a cohort with pain after mastectomy
and a cohort with osteoarthritis, authors observed a genetic
association between lower pain intensity and the hypofunc-
tional His270 allele of P2X7 receptor, further suggesting that
selectively targeting P2X7 pore formation may be a new
strategy for individualizing the treatment of chronic pain
[65].

Several lines of evidence suggest a functional convergence
between the signaling pathways activated by P2X4 and
P2X7 receptors in microglia. As previously mentioned, p38
MAPkinase is involved in both the P2X4 receptor-mediated
release of BDNF and the P2X7-induced release of IL-1𝛽 and
cathepsin S (see above). Moreover, a recent paper showed
that phosphorylation of p38 MAPK via P2X7 receptor may
induce tactile allodynia/hyperalgesia in an orofacial pain
model based on the CCI of the infraorbital nerve (CCI-ION),
which is most likely mediated by soluble TNF-𝛼 released
by microglia [66]. Thus, activation of p38 MAPK may be
a critical mechanistic step of convergence in the P2X7 and
P2X4 receptor signaling pathways in neuropathic pain. P2X7
and P2X4 receptors also interact to form complexes with
unique channel properties [44, 67].This raises the interesting
possibility that structural and functional interactions, as well
as converging signaling pathways, might be critical cellular
mechanisms that underlie the involvement of microglial
P2X7 andP2X4 receptors in neuropathic pain.The expression

of P2X4 and P2X7 receptors subtype in a variety of cell
types involved in pain transmission represents a promis-
ing target for pharmacological intervention. For example,
locally administered oxidized ATP, an irreversible inhibitor
of P2X7 receptors, had an antihyperalgesic effect on complete
Freund’s adjuvant-induced mechanical hyperalgesia (paw
pressure test) [68].

An important role has been also disclosed for the P2X7
receptor subtype in the modulation of reactive astrogliosis.
Following trauma, an upregulation of its expression on
astrocytes has been demonstrated, and its activation by
extracellular ATP or by synthetic agonists led to the release
of proinflammatory IL-1𝛽, ATP itself, and glutamate [17].
These molecules can further sustain and propagate astrocytic
reaction to injury and can also sensitize nearby neurons
in the spinal cord, thus contributing to nociception. More
recently, the P2X7-mediated astrocytic release of dynorphins
has been demonstrated in the spinal cord [69], thus further
corroborating the notion of a direct involvement of astrocytic
P2X7 receptor subtype in nociception.

The role of glial P2X7 in nociception is not restricted
to the CNS, since recent data established its expression in
SGCs, the specialized population of glial cells that enwrap
neuronal bodies in peripheral sensory ganglia [10]. In sensory
ganglia, ATP released from neuronal somata engages P2X7
receptors expressed by surrounding SGCs [12], which in
turn inhibits back neuronal algogenic P2X3 receptors [70].
Additional P2X receptor subtypes are upregulated in SGCs
upon exposure to proinflammatory conditions [71], but their
role in nociception still remains elusive.

6. G Protein-Coupled Receptors
Activated by Extracellular Nucleotides:
The P2Y Receptor Family

Thefirst P2Y receptor (currently named as the P2Y
1
subtype)

was cloned in 1993 [76, 77], and since then a total of eight
human P2Y receptor subtypes have been identified: the
P2Y
1
, P2Y

2
, P2Y

4
, P2Y

6
, P2Y

11
, P2Y

12
, P2Y

13
, and P2Y

14

receptors [78]. The various P2Y receptor subtypes are func-
tionally coupled to different G proteins, and, consequently,
downstream signaling pathways, either phospholipase C,
with inositol 3 phosphate (IP

3
) formation and intracellular

calcium increase, or adenylyl cyclase, leading to modulation
of cyclic adenosinemonophosphate (cAMP) production [78].
From a pharmacological point of view, P2Y receptors can
be broadly subdivided into four groups based on their
responsivity to nucleotides: (i) adenine nucleotide-preferring
receptors, mainly responding to ADP and ATP; this group
includes human and rodent P2Y

1
, P2Y

12
, and P2Y

13
, and

human P2Y
11
; (ii) uracil nucleotide-preferring receptors,

including the human P2Y
4
and P2Y

6
responding to either

UTP or UDP; (iii) receptors of mixed selectivity (the human
and rodent P2Y

2
, the rodent P2Y

4
and, possibly, P2Y

11
);

and (iv) the P2Y
14

receptor, responding to both UDP and
sugar nucleotides (mainly UDP-glucose and UDP-galactose)
[78, 79].
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7. Glial P2Y Receptors and Chronic Pain:
Still Elusive but Promising Targets for New
Analgesic Strategies

Unlike the key and quite well defined role played by P2X
receptors in pain transmission, controversial information
is currently available concerning P2Y receptor contribution
to nociception. Nevertheless, it is well known that these
receptors are widely expressed by neurons and glial cells in
both the central and the peripheral nervous systems [16], thus
leading to hypothesize that their activity is integrated in the
complexmolecular network associated with the transmission
of nociceptive signals. The comprehension of their role in
pain pathogenesis is therefore of paramount importance for
the discovery of new potential drug targets for pain therapy.

As for P2Y receptors expressed by sensory neurons, the
P2Y
1
receptor subtype is often coexpressed with the P2X3

receptor, acting as its functional antagonist in DRG [80],
while the P2Y

12,13
subtypes can inhibit N-type voltage-gated

calcium channels [81]. Taken together, these data suggest
an overall analgesic profile for ADP-sensitive P2Y receptor
activation. Surprisingly, P2Y

1
receptors were also reported

to mediate hyperalgesia, possibly through the sensitization
of transient receptor potential vanilloid 1 (TRPV

1
) channels

[82], thus suggesting that the functional outcome of P2Y
1

receptor activation could depend upon the specific tissue
conditions. The same hyperalgesic potentiation of TRPV1
receptors has been later demonstrated for the UTP-sensitive
P2Y
2
receptor subtype in rat lumbar DRGs [83].

Increasing evidence is highlighting a role for glial P2Y
receptors in chronic pain. Microglia express a wide range of
P2Y receptors (P2Y

1,2,4,6,12
), with the P2Y

6
and P2Y

12
recep-

tor subtypes mediating chemotaxis and migration towards
the site of damage [43, 84]. To date, only the P2Y

12
receptor

subtype is clearly known to be involved in neuropathic
pain onset. In fact, in response to peripheral nerve injury,
microglial P2Y

12
receptor expression was upregulated, and

its activation was critical for microglial engulfment of
myelinated axons in the spinal dorsal horn [43]. Moreover,
pharmacological blockade, antisense knockdown of P2Y

12

receptor expression, or genetic deletion of the P2ry12 gene
suppresses both mechanical allodynia and thermal hyperal-
gesia in nerve-injured rats [85, 86]. Conversely, intrathecal
administration of the P2Y

12
receptor agonist 2Me-SADP elic-

its pain behavior in näıve rats, mimicking what is observed
in nerve-injured rats [85]. Moreover, mRNA not only for
the P2Y

12
, but also for the P2Y

6,13,14
receptor subtypes

was upregulated in microglia in the ipsilateral spinal cord
following nerve injury, and a mixture of P2Y

6
, P2Y

12
, and

P2Y
13
selective antagonists showed a longer suppressive effect

on pain behavior compared to every single treatment itself
[87].

The P2Y
6
receptor can be considered a sensor for

microglial cell phagocytosis by sensing diffusibleUDP signals
in primary culturedmicroglial cells [84]. Althoughmicroglial
P2Y
6
receptors expression markedly increases in the spinal

cord after peripheral nerve injury [87], its specific role
under neuropathic pain conditions still remains unclear.

As already mentioned, ATP-gated P2X4 receptor channels
expressed in spinal microglia actively participate in central
sensitization, making their functional regulation a key pro-
cess in chronic pain pathologies (see above); interestingly,
it has been recently reported that P2X4 receptors function
is inhibited by the P2Y

6
receptor subtype, highlighting its

possible critical role in regulating neuropathic pain-induced
microglial responses [88].

Although not directly associated with pain signaling to
date, it is conceivable that also P2Y receptors expressed
by astrocytes could significantly contribute to nociception,
especially in the spinal cord. P2Y receptors have been directly
implicated in the modulation of reactive astrogliosis since
the 1990s, also thanks to the contribution of our laboratory
(for reviews, see [9, 89]). In particular, activation of the P2Y

1

receptor subtype has been directly correlated with the release
of prostaglandins and other proinflammatory mediators [90,
91] and directly or indirectly correlated with the transmission
of painful sensations. Targeting astrocytic P2Y receptors
could therefore represent an innovative approach to pain,
specifically neuropathic pain, through the modulation of
astroglial inputs controlling second order spinal neurons
firing.

Very fewdata are currently available on the role of the P2Y
receptor family in SGCs, and the vastmajority of the available
data concerns expression rather than functional studies (for
reviews see [75, 92]). Under basal conditions, SGCs in the
trigeminal ganglion express functional P2Y

1,2,4,6,13
receptor

subtypes [28, 93], whereas glial P2Y expression in DRG cells
has been only evaluated at the mRNA level [94], with the
exception of P2Y

1
receptors protein which has been detected

by immunofluorescence studies [70].
Within the TG, the close interplay between the purinergic

system and other classical pain transducing signals has
been recently elucidated, starting from the observation that
chronic exposure of TG cultures to the algogenic media-
tor bradykinin induced the upregulation of P2Y-mediated
calcium signaling in SGCs [28, 95], thus prompting us to
speculate that P2Y receptors expressed by SGCs could rep-
resent possible pharmacological targets for the development
of innovative therapies against migraine and trigeminal pain
in general (for review see [75]). From then on, in vitro
and in vivo studies have revealed that those specific glial
P2Y receptors potentiated under proalgogenic conditions are
the P2Y

1
and P2Y

2
subtypes (Magni et al., manuscript in

preparation). These results have been partially confirmed by
a recent paper showing that P2Y

2
receptor inhibition induces

analgesia in a rat model of neuropathic pain based on CCI-
ION [96], although authorsmostly focused onP2Y

2
receptors

expressed by trigeminal sensory neurons. Altogether, these
data highlight the key role of P2Y purinergic receptors, and
especially of the P2Y

2
subtype, as promising targets for the

development of new analgesic drugs.
An emerging role for the glial P2Y

12
receptor subtype

has been demonstrated in an animal model of trigeminal
neuropathic pain [97]. In fact, although not expressed in
the TG upon control conditions [14], expression of the
P2Y
12
receptor subtype was detected in activated SGCs after

unilateral lingual nerve crush. Interestingly, administration
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of a P2Y
12
-selective antagonist significantly reverted glial cell

activation and alleviated animals’ sensitivity to mechanical
and heat stimulation of the tongue [97]. These data further
sustain the hypothesis that a shift and/or upregulation in
purinergic receptor expression can be observed within sen-
sory ganglia, and especially on SGCs, upon proalgogenic con-
ditions (Figure 2). This observation opens up the possibility
that drugs selectively targeting specific purinergic receptors
could exert their analgesic activity at the site of receptor
upregulation, thus limiting the occurrence of systemic and
unwanted side effects.

8. Adenosine Exerts Analgesic
Effects through Its Glial Receptors:
An Additional Component of Its
Neuromodulatory Actions

Adenosine is the major metabolite of the ectonucleotidase-
mediated sequential dephosphorylation of ATP. Therefore,
it cannot be classified as a true neurotransmitter, but rather
as a neuromodulator, through the activation of 4 subtypes
of G protein-coupled receptors, that is, the A

1
, A
2A, A2B,

and A
3
adenosine receptor subtypes, collectively referred

to as P1 receptors [98]. The temporal relationship between
ATP release and subsequent adenosine generation from its
hydrolysis guarantees the generation of a feedback inhibitory
loop, which overall counteracts the excitatory effects of ATP.
This is particularly true for the A

1
receptor subtype, which

is coupled with inhibition of cAMP synthesis and with
the activation of potassium conductance, with consequent
inhibition of neuronal firing and neurotransmitter release,
reduction of heart rate, and other inhibitory effects.

A key role for the A
1
receptor subtype in the modulation

of painful sensations has been hypothesized more than 15
years ago. Both spinal and peripheral A

1
receptors have been

found directly involved in the analgesic effects exerted by
several known drugs, like tramadol, acetaminophen, and
amitriptyline, often in close interconnection with 5-HT

7

serotonin receptors [99–101]. Moreover, recent studies also
suggest that the analgesic efficacy of some herbal preparations
long utilized in traditional Chinese medicine can be at least
in part due to a modulation of the adenosine system. In
fact, norisoboldine (the major active alkaloid component
isolated from the dry roots of Lindera aggregata often utilized
for chest and abdomen pain, indigestion, cold hernia, and
frequent urination) was shown to promote analgesia in both
the formalin and the writhing tests in rodents through the
activation of A

1
receptor subtype [102].

The cell population expressing the A
1
receptor subtype

involved in pain transmission was not clearly identified, until
the publication of papers suggesting its microglial identity.
An A
1
receptor subtype selective agonist was in fact shown

to alleviate neuropathic pain and to reduce spinal microglia
activation in the spared nerve injury rat model [103]. Most
interestingly, authors later demonstrated that exposure to
proalgogenic ATP induced a significant increase in A

1
recep-

tor subtype expression in microglia, whose activation in turn
led to inhibition of microglial phenotypic changes and to the

reduction of the ability of microglia to promote neuronal
firing [104]. Thus, it can be envisaged that microglial A

1

receptors are upregulated and engaged to counteract the
algogenic actions induced by massive ATP release at injury
or inflammation sites.

The role of additional adenosine receptor subtypes in
nociception is much less clear. Conflicting results have been
obtained by administering either A

2A receptor subtype-
selective agonists or antagonists in animal pain models,
showing both analgesia and hyperalgesia [105]. In fact, it
has been demonstrated that A

2A receptor knock-out mice
have a reduced sensitivity to pronociceptive stimuli, which
seems to be mediated by the loss of pronociceptive A

2A
receptors on DRG primary sensory neurons [106]. It should
bementioned, however, that microglia express A

2A receptors,
which are directly involved in the modulation of the release
of proalgogenic stimuli, like nerve growth factor (NGF),
prostaglandin E2 (PGE

2
), and nitric oxide (NO) [107]. Based

on the above-mentioned data, it can therefore be envisaged
that selective A

2A receptor antagonists could counteract the
proinflammatory and proalgogenic features of microglial
cells and ultimately prove to be useful as antialgogenic agents,
at least in inflammatory pain conditions. Conversely, the
intrathecal injection of a selective A

2A receptor agonist pro-
duced a significant and long-lasting reversal of mechanical
allodynia and thermal hyperalgesia consequent to the CCI
of the sciatic nerve [108]. A reduction of glial cell activation
and a significant upregulation in the production of anti-
inflammatory IL-10 in the spinal cord were also observed,
thus suggesting that activating rather than inhibiting the
A
2A receptor subtype could represent a better option for

neuropathic pain states [108].
Finally, the availability of selective agonist ligands has

allowed demonstrating an antialgogenic role for theA
3
recep-

tor subtype in neuropathic pain induced either by the CCI of
the sciatic nerve or by chemotherapic agents in rodents [109].
The cellular localization of the target receptors involved in
nociception has not been directly identified, although it has
been demonstrated that theA

3
receptor subtype is involved in

ADP-mediated microglia chemotaxis and process extension
[110].

Although their direct role in pain transmission has not
been proven yet, it is worth mentioning that all the four
adenosine receptor subtypes are expressed by spinal cord and
brain astrocytes and significantly contribute to the modula-
tion of reactive astrogliosis (for review see [111]). It is therefore
conceivable that they can participate to astrocyticmodulation
of neuronal functions, especially under chronic pain condi-
tions, when high amounts of adenosine are produced as a
consequence of the hydrolysis of extracellular nucleotides and
of the leakage of nucleic acids from damaged cells [111]. To
date the role of adenosine receptors in peripheral ganglia has
not been studied in detail.

A major limitation to the systemic use of drugs acting
on adenosine receptors is represented by their wide dis-
tribution, especially in the CNS and in the cardiovascular
system, which could account for significant and harmful side
effects. Specifically, activation of the A

1
adenosine receptors

in the CNS could lead to inhibition of locomotor activity
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Figure 2: Plasticity of purinergic signaling within sensory ganglia upon proinflammatory conditions.The cartoon schematically summarizes
currently available data on the modulation of P2 receptor expression by proalgogenic and proinflammatory conditions in sensory ganglia.
An increased line weight indicates receptor upregulation, which has been observed in both sensory neurons and surrounding satellite glial
cells. Some receptor subtypes (i.e., glial P2Y

12
receptor subtype) are only detected upon algogenic conditions. Activation of P2 receptors

by extracellular nucleotides leads to the modulation of other systems involved in nociception, like TRPV1 receptors, and in the release
of additional cytokines, growth factors, and other substances (see box), further contributing to the development and maintenance of a
proalgogenic milieu. Reproduced from [75] with permission from Elsevier.

and catalepsy, whereas in the heart severe bradycardia and
atrioventricular block may occur [112]. Acting on the A

2A
subtype with selective agonists may lead to a significant
drop in blood pressure, accompanied by tachycardia [112].
Conversely, despite the significant increase of circulating
histamine that was observed in mice, clinical studies in
cancer patients have shown no significant side effects after
administration of selective A

3
receptor agonists [112].

9. When Will an Analgesic Drug
Targeting Glial Purinergic Receptors Be
Finally Available?

The incomplete and still growing list of scientific studies
reviewed in this paper clearly demonstrates that targeting
glial purinergic receptors might significantly improve the
currently available armamentarium of analgesic drugs to
be utilized in chronic pain state, still lacking a satisfac-
tory pharmacological control. Nevertheless, to date no new
purinergic drug entities have reached the market. This is
mostly due to (i) the widespread expression of all the different
receptor subtypes, which renders the discrimination between
beneficial and side effects extremely complicated, (ii) the lack
of good subtype-selective agents, and (iii) when selective
ligands are available, the lack of an acceptable route of
administration to humans.

Concerning the most studied purinergic receptor in
nociception, the neuronal P2X3 subtype, no clinical studies
were available so far, despite the massive preclinical in vivo
and in vitro efforts.Thiswasmainly due to the lack of selective
antagonists with a chemical structure suitable for administra-
tion to humans [37]. Very recently, however, two clinical trials
employing the new orally active P2X3-selective antagonist
AF-219 [113] were concluded (see Table 1), although results
have not been disclosed yet. Recently, the extensive use of
high-throughput screening followed by a hit-to-lead program

has prompted a number of pharmaceutical companies to
identify highly selective, potent, and metabolically stable
small-molecule inhibitors for both P2X4 and P2X7 receptor,
which provide a novel therapeutic approach to the treatment
of pain and inflammatory disorders [114, 115]. Nevertheless,
no significant results have emerged from the first clinical
trials performed with different P2X7-selective antagonists
(Table 1), thus suggesting that the role of this receptor subtype
should be reconsidered, at least in rheumatoid arthritis-
related pain.

As for P2Y receptors, although important progress in
exploring structure-activity relationships has been recently
achieved with the publication of the first crystal structure of a
member of the family [116],most of the P2Y receptor subtypes
are still lacking potent and selective synthetic agonists and
antagonists [78], which has greatly hampered both research
in this field, and the translation of in vitro data to in vivo and
clinical settings. Additionally, the only P2Y-selective antago-
nists available so far, acting on the P2Y

12
receptor subtype,

are widely utilized for their strong antiplatelet activity [116],
which poses serious concerns about possible side effects in
case of their administration for painful conditions.

Finally, in the case of the A
1
adenosine receptor subtype,

its widespread distribution has greatly limited the preclinical
and clinical use of the available A

1
-selective agonists, due

to significant systemic side effects (see above). Recently, it
has been demonstrated that a novel and potent A

1
receptor

allosteric modulator, named TRR469, exhibits antinocicep-
tive activity in the formalin and writhing tests in mice,
without showing the usual side effects of A

1
-selective agonists

(see above) [117].
It is also worth reaffirming that expression of purinergic

receptor on glial cells is highly plastic and can therefore
significantly change during the course of chronic pain con-
ditions (Figure 2). For example, it has been hypothesized that
the purinergic system is fundamental for the so-called “modal
shift” of microglia, namely, their acquisition of different
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Table 1: Summary of past and current clinical trials evaluating purinergic ligands in pain.

Name of ligand Company Clinical trial
number Type of pain Main outcomes

AF219
(P2X3 antagonist)

Afferent
Pharmaceuticals

NCT01554579 Osteoarthritis of the knee No published results yet

NCT01569438 Interstitial cystitis/bladder
pain syndrome No published results yet

CE-224,535
(P2X7 antagonist) Pfizer

NCT00628095 Rheumatoid arthritis

CE-224,535 was not efficacious,
compared with placebo, for the
treatment of RA in patients with an
inadequate response to metotrexate
[72]

NCT00418782 Osteoarthritis of the knee
CE-224,535 failed to demonstrate
efficacy in a 2-week study of knee
pain in osteoarthritis patients

AZD9056 AstraZeneca NCT00520572 Rheumatoid arthritis AZD9056 does not have significant
efficacy in the treatment of RA [73]

GSK1482160
(P2X7 antagonist) GlaxoSmithKline NCT00849134

“First-in-human” study to
assess the pharmacokinetic
profile of the drug

No major safety or tolerability
concerns were identified in this study.
Nevertheless, monitoring the release
of IL-1𝛽 in subjects led to the decision
to discontinue drug development for
inflammatory pain conditions [74]

Adenosine
(e.v.)

Wake Forest School
of Medicine NCT00349921 Neuropathic pain

(comparison with clonidine) No published results yet

Xsira
Pharmaceuticals NCT00298636 Perioperative pain

(hysterectomy/myomectomy) No published results yet

GW493838 GlaxoSmithKline NCT00376454
Neuropathic pain as a result of
postherpetic neuralgia or
nerve injury

No published results yet

phenotypes over time, based on the time-dependent modi-
fication of the expression profile of P1 and P2 receptors [118].
This additional fascinating, but complicating, issue should
be taken into consideration when deciding which is the best
target option for the development of an antihyperalgesic
rather than an antiallodynic purinergic-based agent.

Therefore, based on these promises and pitfalls, a closer
collaboration among pharmacology, biochemistry, molecular
biology, and pharmaceutical chemistry is highly recom-
mended to clearly identify and target the most promising
“druggable” receptors, which could be successfully utilized
in preclinical and clinical studies to accelerate the process
towards new therapeutic options for chronic pain patients.
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bition of P2X4 function by P2Y6 UDP receptors in microglia,”
Glia, vol. 61, no. 12, pp. 2038–2049, 2013.

[89] F. Di Virgilio, S. Ceruti, P. Bramanti, and M. P. Abbracchio,
“Purinergic signalling in inflammation of the central nervous
system,” Trends in Neurosciences, vol. 32, no. 2, pp. 79–87, 2009.

[90] M. Xia and Y. Zhu, “Signaling pathways of ATP-induced PGE
2

release in spinal cord astrocytes are EGFR transactivation-
dependent,” GLIA, vol. 59, no. 4, pp. 664–674, 2011.

[91] M. Boccazzi, C. Rolando,M. P. Abbracchio et al., “Purines regu-
late adult brain subventricular zone cell functions: contribution
of reactive astrocytes,” Glia, vol. 62, pp. 428–439, 2014.

[92] K. Kobayashi, H. Yamanaka, and K. Noguchi, “Expression of
ATP receptors in the rat dorsal root ganglion and spinal cord,”
Anatomical Science International, vol. 88, no. 1, pp. 10–16, 2013.

[93] G. Villa, M. Fumagalli, C. Verderio, M. P. Abbracchio, and
S. Ceruti, “Expression and contribution of satellite glial cells
purinoceptors to pain transmission in sensory ganglia: an
update,” Neuron Glia Biology, vol. 6, no. 1, pp. 31–42, 2010.

[94] K. Kobayashi, T. Fukuoka, H. Iyamanaka et al., “Neurons and
glial cells differentially express P2Y receptor mRNAs in the rat
dorsal root ganglion and spinal cord,” Journal of Comparative
Neurology, vol. 498, no. 4, pp. 443–454, 2006.

[95] S. Ceruti, G. Villa, M. Fumagalli et al., “Calcitonin gene-related
peptide-mediated enhancement of purinergic neuron/glia com-
munication by the algogenic factor bradykinin in mouse
trigeminal ganglia from wild-type and R192Q Ca

𝑣
2.1 knock-

in mice: Implications for basic mechanisms of migraine pain,”
Journal of Neuroscience, vol. 31, no. 10, pp. 3638–3649, 2011.

[96] N. Li, Z. Y. Lu, L. H. Yu et al., “Inhibition of G protein-coupled
P2Y
2
receptor induced analgesia in a rat model of trigeminal

neuropathic pain,”Molecular Pain, vol. 10, article 21, 2014.
[97] A. Katagiri, M. Shinoda, K. Honda, A. Toyofuku, B. J. Sessle,

and K. Iwata, “Satellite glial cell P2Y
12
receptor in the trigeminal

ganglion is involved in lingual neuropathic painmechanisms in
rats,”Molecular Pain, vol. 8, article 23, 2012.

[98] J. F. Chen, H. K. Eltzschig, and B. B. Fredholm, “Adenosine
receptors as drug targets-what are the challenges?” Nature
Reviews Drug Discovery, vol. 12, no. 4, pp. 265–286, 2013.

[99] J. Sawynok, A. R. Reid, and J. Liu, “Spinal and peripheral adeno-
sine A

1
receptors contribute to antinociception by tramadol in

the formalin test in mice,” European Journal of Pharmacology,
vol. 714, no. 1–3, pp. 373–378, 2013.

[100] J. Liu, A. R. Reid, and J. Sawynok, “Antinociception by syste-
mically-administered acetaminophen (paracetamol) involves
spinal serotonin 5-HT7 and adenosine A

1
receptors, as well as

peripheral adenosine A1 receptors,” Neuroscience Letters, vol.
536, no. 1, pp. 64–68, 2013.

[101] J. Liu, A. R. Reid, and J. Sawynok, “Spinal serotonin 5-HT7
and adenosine A

1
receptors, as well as peripheral adenosine

A
1
receptors, are involved in antinociception by systemically

administered amitriptyline,”European Journal of Pharmacology,
vol. 698, no. 1–3, pp. 213–219, 2013.

[102] X. Gao, Q. Lu, G. Chou et al., “Norisoboldine attenuates
inflammatory pain via the adenosine A

1
receptor,” European

Journal of Pain, vol. 18, no. 7, pp. 939–948, 2014.
[103] L. Luongo, R. Petrelli, L. Gatta et al., “5’-Chloro-5’-deoxy-(±)-

ENBA, a potent and selective adenosine A
1
receptor agonist,

alleviates neuropathic pain inmice through functional glial and
microglial changes without affecting motor or cardiovascular
functions,”Molecules, vol. 17, no. 12, pp. 13712–13726, 2012.



BioMed Research International 13

[104] L. Luongo, F. Guida, R. Imperatore et al., “The A
1
adenosine

receptor as a new player in microglia physiology,” Glia, vol. 62,
no. 1, pp. 122–132, 2014.
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Background. Dry needling at distant myofascial trigger points is an effective pain management in patients with myofascial pain.
However, the biochemical effects of remote dry needling are not well understood. This study evaluates the remote effects of dry
needling with different dosages on the expressions of substance P (SP) in the proximal muscle, spinal dorsal horns of rabbits.
Methods. Male New Zealand rabbits (2.5–3.0 kg) received dry needling at myofascial trigger spots of a gastrocnemius (distant
muscle) in one (1D) or five sessions (5D). Bilateral biceps femoris (proximal muscles) and superficial laminaes of L5-S2, T2-T5, and
C2-C5 were sampled immediately and 5 days after dry needling to determine the levels of SP using immunohistochemistry and
western blot. Results. Immediately after dry needling for 1D and 5D, the expressions of SP were significantly decreased in ipsilateral
biceps femoris and bilateral spinal superficial laminaes (𝑃 < .05). Five days after dry needling, these reduced immunoactivities
of SP were found only in animals receiving 5D dry needling (𝑃 < .05). Conclusions. This remote effect of dry needling involves
the reduction of SP levels in proximal muscle and spinal superficial laminaes, which may be closely associated with the control of
myofascial pain.

1. Introduction

Myofascial trigger points (MTrPs), a source of musculoskele-
tal pain, has been defined as a hyperirritable (hypersensitive)
spot in a taut band of skeletal muscle fibers and may play a
key role in the pathophysiology of myofascial pain syndrome
[1].

Dry needling targeting directly the primary MTrP, if
performed appropriately, is one of the effective therapies
for inactivating MTrPs and alleviating pain [2–10]. How-
ever, repetitive and intensive needling manipulation may

cause excess damage and increase inflammatory nociception
in skeletal muscle fibers [11]. Therefore, acupuncture-like
needling at a region some distance away from the painful
MTrPs can provide an alternative approach to remote pain
relief [12–16]. In an electrophysiological study investigating
the neuralmechanism of remote effects of dry needling, it has
found that these effects aremediated via intact afferent neural
pathways from the stimulated site to the spinal cord segments
of the proximally responded affected muscle [17] and may
also involve the possible effects from extrasegments of the
spinal cord, such as descending pain inhibitory systems [17].
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But the biochemical mechanisms underlying the nociception
transmissionmodulated by remote effects of dry needling are
still unclear.

An animal model for MTrP study on rabbit was estab-
lished by Hong and Torigoe [18]. A certain hyperirritable
spot (myofascial trigger spot, MTrS) in the rabbit biceps
femoris muscle is similar to that in humanMTrP. In this spot,
local twitch responses can be elicited when the needle tip
encountered a sensitive locus. As in human MTrP, sponta-
neous electrical activity including endplate noise (EPN) and
endplate spike can also be frequently recorded within this
sensitive spot [19, 20]. This animal model had been used for
many studies on myofascial pain syndrome [17, 19, 21–24].

The aim of the present study was to evaluate the remote
effects of dry needling treatment on the pain-related peptide,
substance P (SP), in a rabbit model of MTrSs. The analgesic
mechanism of remote dry needling was further elucidated
by additional studies of electrophysiological EPN recordings
and measurements of SP immunolabeling expressions in
this rabbit model to assess and compare the alterations of
SP levels in the proximally affected muscle and to explore
the corresponding neuronal circuits affected by remote dry
needling.This study is also designed to further investigate the
dose-dependent effect of remote dry needling treatment.

2. Materials and Methods

2.1. General Design. The current experiment was designed to
confirm the remote analgesic effects of dry needling at a distal
muscle containing MTrSs (i.e., unilateral gastrocnemius) by
quantifying the expressions of SP in the proximally affected
muscles (i.e., bilateral bicep femoris muscles) and in the
dorsal horns of the corresponding spinal segment (where the
needling stimulation input reaches) and their suprasegments
(C2-C5 and T2-T5). The MTrS of the gastrocnemius (i.e.,
distant muscles) on a randomly selected side was treated with
predetermined dosages of dry needling. A total of 48 rabbits
were randomly and equally assigned into one of the following
two major groups: dry needling group (experimental) and
sham-operated needling group (control). Then the animals
in each group were further divided into four subgroups
according to the treatment dosages at distant MTrSs of
gastrocnemius. The subgroups are (1) 1D group with animals
submitted to one dosage of dry needling (one session), (2)
s1D group with animals submitted to one dosage of sham-
operated dry needling, (3) 5D group with animals submitted
to one dosage of dry needling for five consecutive days (five
daily sessions), and (4) s5D group with animals submit-
ted to one dosage of sham-operated dry needling for five
consecutive days. Animals were sacrificed at two examined
timepoints for SP immunoanalysis, half of the animals in
each group on the day immediately after dry needling and
the remaining animals on the fifth day after cessation of dry
needling. The experimental design is presented in Figure 1.

2.2. Animal Care. The experiments were performed on adult
male New Zealand rabbits (aged from 16 to 20 weeks, body
weight of 2.5–3.0 kg). The animals were housed individually

in standard polycarbonate tub cages lined with wood chip
beddings and had free access to food and water. The cages
were placed in an air-conditioned room (25 ± 1∘C), with
40 dBA and a 12-hour alternating light-dark cycle (6:00 am to
6:00 pm). Each animal was housed and cared for according
to the ethical guidelines of the International Association
for Study of Pain in Animals [25, 26]. Effort was made to
minimize discomfort and to reduce the number of animals
used. All animal experiments were conducted following the
procedure approved by the Animal Care and Use Committee
of a university in accordance with the Guidelines for Animal
Experimentation. The general experimental conditions were
essentially the same as those previously described [11, 17, 27].

2.3. Identification and Stimulation of Myofascial Trigger Spots.
Before an anesthetic is given, the most sensitive spots
(i.e., MTrSs) of biceps femoris and gastrocnemius muscles
were identified by finger pinch. The animal’s reactions were
observed (such as withdrawal of lower limb, head turning,
and screaming) to confirm the exact location of an MTrS.
These painful regions were marked on the skin with an
indeliblemarker.Then the animals were anesthetizedwith 2%
isoflurane (AErrane, Baxter Healthcare of Puerto Rico, PR,
USA) in oxygen flow for induction followed by a 0.5% main-
tenance dose. Body temperature, monitored by a thermistor
probe of a thermometer (Physiotemp Instrument, Clifton,
NJ, USA) in the rectum, was maintained at approximately
37.5∘C using a body temperature control system comprising
a thermostatically regulated DC current heating pad and an
infrared lamp. The muscle of each marked site was grasped
between the fingers from behind themuscle and themuscle is
palpated by gently rubbing (rolling) it between the fingers to
find a taut band, which feels like a clearly delineated “rope” of
muscle fibers and is roughly 10mm in diameter. The marked
sites were areas designated for dry needling treatment of
gastrocnemius or electrophysiological and immunolabeling
studies of biceps femoris.

2.4. Dry Needling of Gastrocnemius Muscle. Dry needling
technique was similar to that used in our previous study [11].
For needling in MTrS of gastrocnemius, the needle (300𝜇m
in diameter and 1.5 inches in length, Yu-Kuang Industrial
Co., Ltd., Taiwan) was first inserted through the skin per-
pendicularly at the center of the marked spot and advanced
slowly and gently into the muscle. Then simultaneous needle
rotation was performed to facilitate fast “in-and-out” needle
movement in order to elicit as many local twitch responses
as possible. For sham-operated needling, the needle was
inserted into the subcutaneous layer of the marked MTrS
region at a depth approximately 1-2mm from the skin surface,
without penetrating into the muscle tissues. After insertion,
the needle stayed there without further movement for the
same period of duration as in dry needling.

2.5. Recording of Endplate Noise. This procedure was per-
formed by an investigator who was blind to the group assign-
ment. For EPN assessment, a digital EMG machine (Neuro-
EMG-Micro; Neurosoft, Ivanovo, Russia) and monopolar
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Figure 1: Flow chart for the animal study. Abbreviations: 1D, one-dosage dry needling; 5D, five-dosage dry needling; BF, biceps femoris;
Gastrocnemius, GAS; MTrS, myofascial trigger spots, SP, substance P; s1D, sham one-dosage dry needling; and s5D, sham five-dosage dry
needling.

needle electrodes (37mm disposable Teflon-coated model)
were used. The gain was set at 20𝜇V per division for
recordings from both channels. Low-cut frequency filter was
set at 100Hz and the high-cut one was set at 1,000Hz. Sweep
speed was 10ms per division.

The search needle was inserted into the MTrS region
in a direction parallel to the muscle fibers at an angle of
approximately 60∘ to the surface of the muscle. After initial
insertion just short of the depth of the MTrS, the needle
was advanced very slowly with simultaneous slow rotation to
prevent it from “grabbing” and releasing the tissue suddenly
to advance in a large jump. When the needle approached an
active locus (EPN locus), the continuous electrical activity
with amplitude higher than 10 𝜇V, that is, EPN, can be
recorded. Then the needle was fixed in place to ensure that

this EPN can run continuously on the recording screen with
constant amplitudes for at least 3 minutes.

Five EPN recordings (25ms each) taken before and 3
minutes after the needling treatment were randomly selected
for all groups. The mean amplitude of the five random
EPN recordings was analyzed and calculated for a certain
measurement point for each animal.

2.6. Tissue Preparation. Half of the animals in each group
were sacrificed on the day immediately after dry needling,
and the remaining animals were sacrificed 5 days after
dry needling for SP immunoassays. Animals were sac-
rificed under strong anesthesia by injection of saturated
KCl (300 g/mL, intraperitoneal injection). Bilateral biceps
femoris muscles, their corresponding segments of L5-S2,
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and extrasegmentsof T2-T5 and C2-C5 spinal cords were
harvested. The spinal cord specimens were fixed in 4%
paraformaldehyde (diluted in 0.1mol/L PBS) and then
immersed in 30% sucrose in 0.1mol/L PBS for 2 days at 4∘C
for immunohistochemical staining. The muscle specimens
were homogenized in T-PER tissue protein extraction reagent
(Pierce Chemical Co., IL, USA) and the complete cocktail
of protease inhibitors (Sigma, NY, USA) for western blot
immunoassay.

2.7. Western Blot Analysis. Equal amounts of protein were
loaded and separated in 10% Tris-Tricine SDS-PAGE gels.
The resolved proteins were transferred onto polyvinylidene
fluoride membranes (Millipore, Bedford, MA, USA). The
membranes were blocked in 5% nonfat milk for 1 hour at
room temperature and incubated overnight with primary
antibodies against SP (1 : 500, Cat. # orb11399, Biorbyt, Cam-
bridge, UK) and GAPDH (1 : 2000, ab8245, Abcam Inc. MA,
USA) at a dilution of 1 : 2500 in blocking solution. The
blots were then incubated with the horseradish peroxidase-
conjugated goat anti-rabbit and anti-mouse IgG secondary
antibody (1 : 2000, Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA) for 1 hour at room temperature.
The signals were finally visualized using an enhanced chemi-
luminescence detection system (Fujifilm LAS-3000 Imager,
Tokyo, Japan), and the blots were exposed to X-ray. All
western blot analyses were performed at least three times,
and consistent results were obtained. The immunoreactive
bands were analyzed using a computer-based densitometry
Gel-ProAnalyzer (version 6.0,MediaCybernetics, Inc.USA).
Relative intensity of western blot band for each protein was
normalized to the level of GAPDH protein and presented as
percentage of its sham value.

2.8. Immunohistochemistry for Substance P and Quantitative
Analysis. The frozen spinal cord tissues were cut serially and
coronally into sections of 4 𝜇m thickness by a freezingmicro-
tome. Each spinal cord specimen produced approximately
100 sections. Each staining assay was examined in 10 alternate
sections per rabbit, which were selected by a systematic-
random series with a random start for analysis. The sec-
tions were first mounted on poly L-lysine (Sigma, P8920)-
coated slides and then blocked in 10% normal goat serum
(in PBS with 0.3% Triton X-100, Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA). Subsequently, they
were incubated overnight at 4∘C with rat monoclonal anti-
SP antibody (1 : 200, MAB356, Millipore, CA, USA). The
sections were then incubated with biotinylated goat anti-rat
IgG secondary antibody (1 : 500, Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA) for 1 hour at room
temperature. After being washed, the sections were incu-
bated with a streptavidin-horseradish peroxidase conjugate
(Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA, USA).The sections were visualized as brown precipitates
by adding 0.2mg/mL 3,3-diaminobenzidine (DAB, Pierce,
Rockford, IL, USA) as a substrate. Negative control slides
omitting either primary antibodies or secondary antibodies
were also prepared for comparison.

The slides were examined and photographed at three
randomly selected fields of superficial dorsal horn (laminae I-
II; superficial, the localization of nociresponsive neurons) at
200xmagnification using a lightmicroscope (BX43,Olympus
America Inc.NY,USA) and a cooled digital color camerawith
a resolution of 1360 × 1024 pixels (DP70, Olympus America
Inc. NY, USA). Images were saved and adjusted to equalize
contrast and brightness with Adobe Photoshop (CS3, San
Jose, CA); no other modifications were made.The digital
images were analyzed using a computer-based morphome-
try, Image-Pro Plus 4.5 software (Media Cybernetics, Silver
Spring, USA). According to the automatically calculated
parameters, the area labeled by DAB-stained strong-positive
staining cells for SP immunoreactivity (SP-IR) wasmeasured.
The percentage of the positive and strong SP-IR pixels to total
stained pixels in superficial lamina of spinal dorsal horn (%)
was analyzed.

2.9. Statistical Analysis. All data were expressed as mean
± standard deviation (SD). The differences in SP-IR levels
in animals submitted to dry needling and sham operation
were calculated. One-way analysis of variance (ANOVA)
was employed to determine the differences in SP-IR levels
among groups. Post hoc comparisons between groups were
examined using Scheffe’s method. A 𝑃 value of <.05 was
considered statistically significant. All data were analyzed
using SPSS version 12.0 for Windows (SPSS Inc., IL, USA).

3. Results

3.1. Changes in Amplitudes of EPN in Biceps Femoris Induced
by Dry Needling at Distant MTrSs. Figure 2 shows the
alterations of mean EPN amplitude recorded from biceps
femoris ipsilaterally and contralaterally to the dry needling
side at gastrocnemius muscle. As can be seen, there were
significant differences among the four groups at any exam-
ined timepoint (ANOVA, all 𝑃 < .05). Compared with the
pretreatment levels, the EPN amplitudes of ipsilateral biceps
femoris were significantly decreased immediately after dry
needling treatment (𝑃 < .05; Figure 2(a)). However, the EPN
amplitudes after sham-operated needling showed no marked
changes (𝑃 > .05).

There were also significant differences in EPN amplitudes
recorded immediately after treatment between dry needling
and sham-operation groups at any dosage (1D versus s1D,
5D versus s5D, all 𝑃 < .05; Figure 2(a)). Five days after
treatment, the marked reduction in EPN amplitude was no
longer observed in the 1D group (1D versus s1D, 𝑃 > .05).
However, the 5D group showed significant decrease in EPN
amplitude when compared with the s5D group (5D versus
s5D,𝑃 < .05; Figure 2(a)) and the 1Dgroup (1Dversus 5D,𝑃 <
.05; Figure 2(b)). The EPN recordings from biceps femoris
contralateral to the dry needling side presented similar trends
of amplitude changes (Figure 2(c)).

3.2. Changes in SP-IR of Biceps Femoris Induced by Dry
Needling at Distant MTrSs. Figure 3 presents the SP-IR in
biceps femoris immediately and 5 days after treatments for
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Figure 2: Changes in EPN amplitude measured at MTrS of biceps femoris before, immediately, and 5 days after one-(1D) and five-dosage
(5D) of dry needling at gastrocnemius in experimental (1D and 5D groups) and sham-operated groups (s1D and s5D groups). Sample
EPN recordings (a) in rabbits from 1D, s1D, 5D, and s5D groups. (b) Quantification of EPN amplitude in biceps femoris ipsilateral (b) and
contralateral (c) to dry needling side expressed as mean ± SD. ∗ represents significant difference (𝑃 < .05) compared with sham-operated
groups (s1D and s5D). # represents significant difference (𝑃 < .05) between 1D and 5D groups. †: 𝑃 < .05 represent significant differences
compared with pretreatment values.

all groups. As can be seen, there were significant differences
among the four groups at any examined timepoint (ANOVA,
all 𝑃 < .05). Immediately after treatment, 1D and 5D groups
showed significant decrease in SP-IR levels in biceps femoris
ipsilaterally to the needling sidewhen comparedwith s1D and
s5D groups, respectively (Scheffe’s method, 1D versus s1D, 5D
versus s5D, all 𝑃 < .05; Figures 3(a) and 3(b)).

Five days after treatment, the 5D group still showed
marked decrease in SP-IR levels when comparedwith the s5D
group (Scheffe’s method, 𝑃 < .05) but there was no difference
in SP-IR levels between 1D and s1D groups (𝑃 > .05;
Figure 3(b)). Moreover, there were no significant differences
in SP-IR in biceps femoris contralaterally to the needling side
between 1D and s1D, as well as 5D and s5D groups at any
examined timepoint (Scheffe’s method, 1D versus s1D, 5D
versus s5D, all 𝑃 > .05; Figure 3(c)).

3.3. Changes in SP-IR Cells of Spinal Dorsal Horns Induced by
Dry Needling at Distant MTrSs

3.3.1. SP Expressions in L5-S2 Segments. The SP-IR patterns
in L5-S2 segments for the four groups immediately and 5
days after treatments are presented in Figures 4(a) and 4(b),
respectively. Qualitative analysis of the SP-IR in superficial
laminae of the L5-S2 dorsal horn showed different patterns of
reactivity between dry needling and sham-operation groups
(Figure 4(c)). There were significant differences among the
four groups at any examined timepoint (ANOVA, all 𝑃 <
.05).

In sham-operated controls, SP-IR was expressed bilater-
ally in the nuclei of cells of the superficial laminae in L5-
S2 dorsal horn spinal cords, which showed no statistically
significant differences between s1D and s5D groups at each
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Figure 3: Alterations of substance P (SP) level at biceps femoris
muscle after one-(1D) and five-dosage (5D) of dry needling at
gastrocnemius in experimental (1D and 5D groups) and sham-
operated groups (s1D and s5D groups). Representative western blot
photographs (a) in ipsilateral biceps femoris immediately and 5 days
after dry needling at gastrocnemius. Quantification of SP levels in
biceps femoris ipsilateral (b) and contralateral (c) to dry needling
side expressed as mean ± SD. ∗ represents significant difference
(𝑃 < .05) compared with sham-operated groups (s1D and s5D).
# represents significant difference (𝑃 < .05) between 1D and 5D
groups.

examined timepoint (Scheffe’s method, 𝑃 > .05; Figure 4(c)).
The nuclei of SP-IR neurons were visualized as brown
precipitates and there was also some cytoplasmic staining.
Most of the SP-IR cells were distributed in the bilateral super-
ficial laminae (I-II) of the dorsal horn. Immediately after
treatment, 1D and 5D groups showed significant reduction in
SP-IR levels in bilateral superficial laminae when compared
with s1D and s5D groups, respectively (Scheffe’s method, 1D
versus s1D, 5D versus s5D; all 𝑃 < .05; Figure 4(a)).

Overall, the spinal cord sections had faint SP labelings in
bilateral superficial laminae of dorsal horns in both groups
submitted to dry needling, as confirmed by the quantitative
analysis, which also showed statistically significant differ-
ences between 1D and 5D groups (Scheffe’smethod, 1D versus
5D, 𝑃 < .05; Figure 4(c)). Five days after treatment, there was
no significant difference in SP-IR level between the 1D group
and the s1D group (Scheffe’s method, 1D versus s1D, 𝑃 > .05;
Figure 4(b)). However, the 5D group still showed significant
reduction in the SP-IR level in bilateral superficial laminae
when compared with the s5D group (Scheffe’s method, 5D
versus s5D, 𝑃 < .05; Figure 4(b)) and the 1D group (Scheffe’s
method, 1D versus 5D, 𝑃 < .05; Figure 4(c)).

3.3.2. SP Expressions in C2-C5 and T2-T5 Suprasegments.
A similar trend of SP-IR expression at L5-S2 segments
was also observed in bilateral superficial laminae at T2-T5
(Figure 5(a)) and C2-C5 levels (Figure 6(a)). There were
significant differences in SP expressions among the four
groups at any examined timepoint (ANOVA, all 𝑃 < .05).
Immediately after treatment, 1D and 5D groups showed
statistically significant reduction in SP-IR levels in bilat-
eral superficial laminae at T2-T5 and C2-C5 levels when
compared with s1D and s5D groups, respectively (Scheffe’s
method, 1D versus s1D, 5D versus s5D, all 𝑃 < .05). In
contrast, therewere no significant differences between 1D and
5D groups at any examined level (Scheffe’s method, 1D versus
5D, T2-T5: 𝑃 > .05; C2-C5: 𝑃 > .05; Figures 5(c) and 6(c)).

Five days after treatments, the 1D group showed no
significant change in SP-IR at T2-T5 and C2-C5 levels when
compared with the s1D group (Scheffe’s method, 1D versus
s1D group, 𝑃 > .05). However, the spinal sections in the
5D group showed a reduction in SP-IR expressions when
compared with those in the s5D group (Scheffe’s method, 5D
versus s5D, 𝑃 < .05; Figures 5(b) and 6(b)). The 5D group
also showed significant reduction in SP-IR levels in bilateral
superficial laminae when comparedwith the 1D group at each
examined level (Scheffe’s method, 1D versus 5D, T2-T5: 𝑃 <
.05; C2-C5: 𝑃 < .05; Figures 5(c) and 6(c)).

3.3.3. Differences in SP-IR Patterns among Spinal Cord Levels.
Comparison among SP-IR patterns of C2-C5, T2-T5, and L5-
S2 levels shows no statistically significant differences in either
1D or s1D group at any examined timepoint (ANOVA, 𝑃 >
.05). However, the differences in SP-IR between 5D and s5D
groups were significant among various spinal cord levels at
all examined timepoints of either immediately or 5 days after
treatments (ANOVA, 𝑃 < .05). The reduction of SP-IR cells
in the lumbosacral dorsal horn was significantly higher in
comparison with that in cervical or thoracic cells (Scheffe’s
method, all 𝑃 < .05, Figure 7).

4. Discussion

This is the first study showing that short-term and long-term
dry needling at distant MTrSs can induce suppression of SP
levels in the proximal muscle and spinal cord dorsal horns.
The results also suggest that maintenance effects of remote
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Figure 4: Alterations of substance P (SP) levels at superficial laminae of L5-S2 after one-(1D) and five-dosage (5D) of dry needling at
gastrocnemius in experimental (1D and 5D groups) and sham-operated groups (s1D and s5D groups). The representative photomicrographs
indicate immunohistochemical labeling for SP in ipsilateral dorsal horns of lumbosacral spinal cords at the timepoints immediately (a) and 5
days (b) after dry needling. Histograms indicate the quantitative analysis of SP immunoreactivity in ipsilateral and contralateral spinal cords
(c). ∗ represents significant difference (𝑃 < .05) compared with sham-operated groups (s1D and s5D). # represents significant difference
(𝑃 < .05) between 1D and 5D groups (scale bar = 100 𝜇m).

dry needling may contribute to the extrasegmental desensiti-
zation effect. There is strong indication that both neural and
biochemical effects are involved in themechanisms of remote
pain control.

Dry needling targeting the MTrPs for pain relief has its
basis in theories similar, but not exclusive, to traditional
acupuncture. The electrophysiological outcomes affected by
acupuncture and dry needling are similar [17]. In our
previous studies, decreases in EPN amplitude in proximal
muscles containing MTrSs were found after dry needling at
the MTrSs of a distant muscle when compared with pretreat-
ment baseline EPN amplitude in animals with intact neural
circuits [17]. Similar findings were found in humans receiv-
ing acupuncture at remote acupoints [15, 16]. Fernández-
Carnero et al. also found an increase in spontaneous elec-
trical activity at an MTrP region during persistent noxious
stimulation at another distant MTrP, followed by suppression

of electrophysiological irritability after cessation of needling
[28]. The evidences reveal that dry needling at distant MTrS
could decrease the irritability of the proximal MTrS by sup-
pression of EPN in prevalence and amplitude. In the present
study, the results obtained are in line with those of earlier
studies, showing that EPN amplitudes were significantly
reduced after a single or five dosages of dry needling when
compared with those after sham operation.

SP has been widely proposed as being involved in deliv-
ering nociceptive information from the peripheral receptors
to the spinal dorsal horn and supraspinal processing centers,
thus leading to central sensitization [29–34]. Interventions
that inhibit SP signaling pathways generally show antinoci-
ceptive effects in animal models [35, 36]. Electroacupuncture
can reduce the noxious nerve stimulation-induced release
of SP from both central terminals and peripheral endings
of the primary sensory neurons [37]. Immunohistochemical
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Figure 5: Alterations of substance P (SP) levels at superficial laminae of T2-T5 after one-(1D) and five-dosage (5D) of dry needling at
gastrocnemius in experimental (1D and 5D groups) and sham-operated groups (s1D and s5D groups). The representative photomicrographs
indicate immunohistochemical labeling for SP in ipsilateral dorsal horns of lumbosacral spinal cords at the timepoints immediately (a) and 5
days (b) after dry needling. Histograms indicate the quantitative analysis of SP immunoreactivity in ipsilateral and contralateral spinal cords
(c). ∗ represents significant difference (𝑃 < .05) compared with sham-operated groups (s1D and s5D). # represents significant difference
(𝑃 < .05) between 1D and 5D groups (scale bar = 100 𝜇m).

studies showed that electroacupuncture of “Zusanli” (ST-36)
could depress the pain response and inhibit spinal dorsal
horn SP release [38]. Electroacupuncture can also suppress
immunoreactive SP accumulation induced by tooth pulp
stimulation in the superficial layers of the trigeminal nucleus
caudalis [39]. Therefore, SP may be an important transmitter
in mechanism of acupuncture analgesia. The present result
on dry needling-induced suppression of spinal dorsal horn SP
was consistentwith those of previous studies described above,
implying that short- and long-term remote dry needling
probably produce analgesic effect. In addition, the finding of
reduction in SP expression in extrasegments, dorsal horns
of C2-C5, and T2-T5 after dry needling was similar to our
previous results [17], which reported supraspinal control

of spinal inhibitory interneurons induced by dry needling
at distant MTrSs. The extrasegmental desensitization effect
involving a more generalized system of analgesia is probably
activated by remote dry needling.

SP is also likely to be involved in the pathogenesis of
musculoskeletal pain. A recent study has also found higher
SP levels in active MTrPs compared with control latent or
absent MTPs [40]. Mean optical density of the immunos-
taining for SP was statistically greater in trapezius muscle
of patients with myofascial pain syndrome when compared
with specimens from patients with fibromyalgia. Extensive
studies demonstrate that SP accumulated inMTrPs of skeletal
muscles is associated with pain and inflammation [17, 40, 41].
The current findings of reduction in SP level in proximal
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Figure 6: Alterations of substance P (SP) levels at superficial laminae of C2-C5 after one-(1D) and five-dosage (5D) of dry needling at
gastrocnemius in experimental (1D and 5D groups) and sham-operated groups (s1D and s5D groups). The representative photomicrographs
indicate immunohistochemical labeling for SP in ipsilateral dorsal horns of lumbosacral spinal cords at the timepoints immediately (a) and 5
days (b) after dry needling. Histograms indicate the quantitative analysis of SP immunoreactivity in ipsilateral and contralateral spinal cords
(c). ∗ represents significant difference (𝑃 < .05) compared with sham-operated groups (s1D and s5D). # represents significant difference
(𝑃 < .05) between 1D and 5D groups (scale bar = 100 𝜇m).

muscle (biceps femoris) ipsilateral to the needling side after
dry needling at a distant muscle containing MTrSs may be
related to pain control.

Suppression of SP expressions was of a higher extent in
animals submitted to 5D dry needling than those submitted
to 1D dry needling, indicating immediate dose-dependent
effects. On the other hand, five days after cessation of dry
needling, the suppression effect persisted and even became
more pronounced in laminae I to II at L5-S2 levels in animals
submitted to 5D dry needling, demonstrating prolonged
dose-dependent effects. The immediate pain relief by 1D
dry needling is probably elicited by the neural effect as
demonstrated by changes in EPN. However, the long-term
or accumulated effect of pain relief by 5D dry needling may
be accompanied by and mediated via biochemical changes in
addition to neural effects. Therefore, repetitive or extensive
remote needlingmay provide better effects on reduction in SP

levels for control of myofascial pain. It is commonly accepted
that electroacupuncture of higher intensities and longer pulse
durations can produce persistent analgesia [42].

5. Conclusion

The hypothesis that dry needling at distant MTrSs could
modulate irritability of proximal MTrSs by altering the
EPN amplitude and SP levels of muscle and spinal cords is
supported by the present results. The findings of this study
might elucidate the biochemical mechanisms induced by
remote effects of dry needling. Accordingly, the practice of
dry needling at some distance away from the painful site may
facilitate decreasedMTrP sensitivity in anymuscle within the
same levels of spinal innervations via activating the mech-
anisms of segmental and extrasegmental desensitization.
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Figure 7: Differences in substance P (SP) levels at ipsilateral and
contralateral superficial laminae of L5-S2 (L), T2-T5 (T), and C2-
C5 (C) between animals after one-(1D) and five-dosage (5D) of
dry needling at gastrocnemius in experimental (1D and 5D groups)
and sham-operated groups (s1D and s5D groups). ∗ represents
significant difference (𝑃 < .05) compared with SP levels of thoracic
and cervical dorsal horns.

Further understanding of the analgesic action of dry needling
in treating soft tissue pain can contribute to develop new
therapeutic strategies for treating myofascial pain syndrome.
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Nociceptin/orphanin FQ (N/OFQ) antinociception, which is mediated selectively by the N/OFQ peptide receptor (NOP), was
demonstrated in pain models. In this study, we determine the role of activated microglia on the analgesic effects of N/OFQ in a
rat model of neuropathic pain induced by chronic constriction injury (CCI) to the sciatic nerve. Repeated 7-day administration
of minocycline (30mg/kg i.p.), a drug that affects microglial activation, significantly reduced pain in CCI-exposed rats and it
potentiates the analgesic effects of administered N/OFQ (2.5–5 𝜇g i.t.). Minocycline also downregulates the nerve injury-induced
upregulation ofNOPprotein in the dorsal lumbar spinal cord. Our in vitro study showed thatminocycline reducedNOPmRNA, but
not protein, level in rat primary microglial cell cultures. In [35S]GTP𝛾S binding assays we have shown that minocycline increases
the spinal N/OFQ-stimulated NOP signaling. We suggest that the modulation of the N/OFQ system by minocycline is due to the
potentiation of its neuronal antinociceptive activity and weakening of the microglial cell activation.This effect is beneficial for pain
relief, and these results suggest new targets for the development of drugs that are effective against neuropathic pain.

1. Introduction

Neuropathic pain is a common consequence of nervous tissue
damage.Themechanisms underlying neuropathy still remain
unclear, and the currently available drugs are frequently
ineffective, making treatment amajor clinical challenge [1, 2].
Nociceptin/orphanin FQ (N/OFQ) acts through the N/OFQ
peptide receptor (NOP) [3] and can change responsiveness
to painful stimuli in several models of pain [4–6]. Pro-
and antinociceptive effects of N/OFQ have been reported
in a variety of animal models depending on the route of
administration. Intracerebroventricular (i.c.v.) administra-
tion was found to display hyperalgesic effects [3, 7, 8], which
were mediated by NOP, as these effects are not present in
NOP-knockout mice [9]. In contrast, N/OFQ administered

intrathecally (i.t.) has been generally found to produce
antinociceptive responses [4, 5, 10–16].

The role of N/OFQ in the development of neuropathic
pain has been extensively studied. In recent studies, it has
been found that the N/OFQ system influences glial cell
functions [17–21] and now it is considered if neuroimmune
interaction may be one of the mechanisms of its antinoci-
ceptive properties. We have shown that microglia are the
glial cell type to be activated in response to peripheral nerve
injury and that this activation is in parallel with changes
in neuropeptide systems involved in nociceptive transmis-
sion (proenkephalin, prodynorphin, and pronociceptin) [17].
Biochemical studies revealed the presence of N/OFQ and
its receptor in the CNS and peripheral tissues, particularly
in regions associated with nociceptive pathways [22–28].

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 762930, 12 pages
http://dx.doi.org/10.1155/2014/762930

http://dx.doi.org/10.1155/2014/762930


2 BioMed Research International

The NOP was demonstrated to be expressed not only on
neurons but also on astrocytes and microglia [20, 21], which
further suggest the involvement of these cells in the modula-
tion of N/OFQ system. Fu et al. have [20] shown that spinal
cord astrocyte activation and in vitro cytokine production
by those glial cells are attenuated by N/OFQ through the
astrocytic NOP. It was shown that LPS-induced IL-1𝛽 gene
expression was reduced by N/OFQ in cultured primary
microglia, but it was enhanced in neuronal cultures [21].
The regulatory effects of N/OFQ on glia-derived cytokines
suggest that the action of the N/OFQ system is dependent on
glial cell activation in the CNS.

The aim of the present study was to determine the role
of activated microglia in the analgesic effects of N/OFQ
in a rat model of neuropathic pain (achieved by chronic
constriction injury to the sciatic nerve, CCI). In our studies,
we used minocycline, a well-characterized drug for inhibit-
ing microglial activation [29–32], viability, and migration
[33, 34]. Minocycline (30mg/kg) was intraperitoneally (i.p.)
administered preemptively 16 h and 1 h before CCI and then
twice daily for 7 days. On day 7 after injury, vehicle- or
minocycline-treated CCI-exposed rats received intrathecally
(i.t.) N/OFQ, and we examined the analgesic effects using
von Frey and cold plate tests. In our biochemical studies, we
analyzed molecular changes in mRNA and protein levels of
the NOP in the dorsal horn of the lumbar spinal cord at day 7
after injury in vehicle- or minocycline-treated CCI-exposed
rats using qRT-PCR and Western blot analysis, respectively.
Additionally, using primary cultures of rat microglia, we
investigated the effects of minocycline onmRNA and protein
levels of NOP.We also investigated the effects of minocycline
on NOP signaling in the spinal cord of the vehicle- or
minocycline-treated CCI-exposed rats using a functional
[35S]GTP𝛾S binding assay.

2. Methods

2.1. Animals. Male Wistar rats (200–350 g) were housed in
cages that were lined with sawdust under a standard 12/12 h
light/dark cycle (lights on at 08:00 h) with food and water
available ad lib. Care was taken to reduce the number of
animals used. All experiments were approved by the local
bioethics committee (Cracow, Poland) and were performed
according to the recommendations of IASP [35], ARRIVE
guidelines [36], and the NIH Guide for the Care and Use of
Laboratory Animals.

2.2. Surgical Preparations. Chronic constriction injury (CCI)
was produced in rats according to Bennett and Xie [37], by
tying four ligatures around the sciatic nerve under sodium
pentobarbital anesthesia (60mg/kg; i.p.). The biceps femoris
and the gluteus superficialis were separated, and the right
sciatic nerve was exposed. The ligatures (4/0 silk) were tied
loosely around the nerve distal to the sciatic notch with 1-mm
spacing until they elicited a brief twitch in the respective hind
limb. After the surgery, all rats developed long-lasting neu-
ropathic pain symptoms such as allodynia and hyperalgesia.
Because we have shown in earlier studies that there are no

differences between the nociceptive responses of naı̈ve and
sham animals [38], we used näıve animals for the behavioral
experiments in the present study.

2.3. Intrathecal (i.t.) Injection. Rats were prepared for
intrathecal (i.t.) injection by implanting catheters according
to the method of Yaksh and Rudy [39] under pentobarbital
(60mg/kg i.p.) anesthesia. The intrathecal catheter consisted
of polyethylene tubing thatwas 12 cm long (PE 10, Intramedic;
Clay Adams, Parsippany, NJ) with an outside diameter of
0.4mm and a dead space of 10 𝜇L that had been sterilized
by immersion in 70% (v/v) ethanol and been fully flushed
with sterile water before insertion. Rats were placed on a
stereotaxic table (David Kopf Instruments, Tujunga, CA),
and an incision was made in the atlantooccipital membrane.
The catheter (7.8 cm of its length) was carefully introduced
into the subarachnoid space at the rostral level of the spinal
cord lumbar enlargement (L4-L5). After the implantation,
the first injection of 10 𝜇L of water was performed slowly,
and the catheter was tightened. After catheter implantation,
the rats were monitored for physical impairments. Those
showing motor deficits (ca 5%) were excluded from further
study. Animals were allowed a minimum of 1 week to recover
after the surgery before the experiment began. Water for
injection or respective drugs were delivered slowly (1-2min)
in a volume of 5𝜇L through the i.t. catheter andwere followed
by 10 𝜇L of water, which flushed the catheter.

2.4. Behavioral Tests

2.4.1. Tactile Allodynia (Von Frey Test). Allodynia was mea-
sured in rats subjected to CCI by the use of an automatic
von Frey apparatus (Dynamic Plantar Aesthesiometer cat. no.
37400, Ugo Basile, Italy). Rats were placed in plastic cages
with a wire net floor 5min before the experiment. The von
Frey filament (up to 26 g) was applied to the midplantar
surface of the hind foot, and measurements were taken
automatically [40].

2.4.2. Hyperalgesia (Cold Plate Test). Hyperalgesia was
assessed using the cold plate test (Cold/Hot Plate Analgesia
Meter no. 05044 Columbus Instruments, USA) as has been
described previously [40, 41]. The temperature of the cold
plate was maintained at 5∘C, and the cut-off latency was 30 s.
The rats were placed on the cold plate, and the time until
lifting of the hind foot was recorded.The injured foot was the
first to react in every case.

2.5. Drug Administration. The chemicals used in this study
and their sources were as follows: N/OFQ (cat. no. 0910,
TOCRIS, UK), and minocycline hydrochloride (cat. no.
M9511, Sigma-Aldrich, USA). Minocycline (30mg/kg; i.p.)
was dissolved in sterile water and preemptively administered
intraperitoneally 16 h and 1 h before CCI and then twice daily
for 7 days. This method of minocycline administration was
used throughout the work and is referred to in the text
as “repeated administration”. The control groups received a
vehicle (water for injection) according to the same schedule.
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One hour after the last morning of minocycline or vehicle
administration onday 7 afterCCI,N/OFQ (2.5 and 5𝜇g/5 𝜇L)
or a vehicle was i.t. injected. After vehicle or N/OFQ admin-
istration the von Frey test (20 and 40min later) and cold plate
tests (30 and 50min later) were performed.

2.6. Microglial Cell Cultures and Treatments. Primary cul-
tures of microglial cells were prepared from 1-day-old Wistar
rat pups as previously described [42]. Briefly, cells were
isolated from the rats’ cerebral cortices and were plated at
a density of 3 × 105 cells/cm2 in a culture medium that
consisted of DMEM/Glutamax/high glucose (Gibco, USA)
supplemented with heat-inactivated 10% fetal bovine serum
(Gibco, USA), 100U/mL penicillin, and 0.1mg/mL strepto-
mycin (Gibco, USA) on poly-L-lysine coated 75 cm2 culture
flasks maintained at 37∘C and 5% CO

2
. The culture medium

was changed after 4 days. The loosely adherent microglial
cells were recovered after 9 days by mild shaking and
centrifugation. Microglial cells were suspended in a culture
medium and plated at a final density of 2 × 105 cells onto 24-
well plates and 1.2 × 106 cells onto 6-well plates. Adherent
cells were incubated for 48 h in a culture medium before
being used for the analyses. Cell specificity was determined in
cultures of primary microglia by Western blot assay using an
antibody against OX-42 (a microglial marker) and qRT-PCR
using primers for C1q (a microglial marker) and GFAP (an
astrocytemarker).The homogeneity ofmicroglial population
was kept on high level (more than 95%positive forOX-42 and
C1q), and our homogeneity was similar to those published
by Mika et al. [41]. Primary microglial cell cultures were
treated with minocycline (10 𝜇M) or vehicle (water) for 6 h
for mRNA analysis and for 24 h for protein analysis.

2.7. qRT-PCR Analysis of Gene Expression. Ipsilateral dorsal
rat spinal cords (L4–L6) were collected 7 days after injury,
4 h after last morning minocycline treatment. Total RNA
was extracted according to the method described by Chom-
czynski and Sacchi [43] using TRIzol reagent (Invitrogen) as
previously described [6]. RNA concentration was measured
using a NanoDrop ND-1000 Spectrometer (NanoDrop Tech-
nologies). Reverse transcription was performed on 500 ng
(from cell cultures) or 1000 ng (from tissue) of total RNA
using Omniscript reverse transcriptase (Qiagen Inc.) at 37∘C
for 60min. cDNA was diluted 1 : 10 with H

2
O. qRT-PCR was

performed usingAssay-On-DemandTaqMan probes accord-
ing to the manufacturer’s protocol (Applied Biosystems)
and run on a Real-Time PCR iCycler (BioRad, Hercules,
CA, USA). Rn01527838 g1 (Hprt) and Rn00440563 m1 (Orl1)
were used as TaqMan primers and probes. The expression
of HPRT (a housekeeping gene) was quantified to control
group for variation in cDNA amounts. Cycle threshold values
were calculated automatically by iCycler IQ 3.0 software with
default parameters. Abundance of RNA was calculated as
2−(threshold cycle).

2.8. Western Blot Analysis. Ipsilateral dorsal rat spinal cords
(L4–L6) were collected for protein analyses at day 7 after
injury, 6 h after the last morning minocycline treatment.

Cell and tissue lysates were collected in RIPA buffer with
a protease inhibitor cocktail and cleared by centrifugation
(14000×g for 30min, 4∘C). Samples containing 15 𝜇g (cells
lysates) and 20𝜇g (tissue lysates) of protein were heated
in a loading buffer (50mM Tris-HCl, 2% SDS, 2% 𝛽-
mercaptoethanol, 4% glycerol, and 0.1% bromophenol blue)
for 8min at 98∘C and resolved on 10–20% Criterion TGX
precast polyacrylamide gels. Following gel electrophoresis,
the proteins were transferred to Immune-Blot PVDF mem-
branes (Bio-Rad) with semidry transfer (30min, 25V). The
membranes were blocked for 1 h using 5% nonfat dry milk
(Bio-Rad) in Tris-buffered saline with 0.1%Tween 20 (TBST),
washed in TBST, incubated overnight at 4∘C with primary
antibodies (rabbit polyclonal anti-OPRL1, 1 : 600; rabbit poly-
clonal anti-IBA1, 1 : 500, ProteinTech), and incubated for 1 h at
RT with a secondary goat polyclonal antibody that had been
conjugated to horseradish peroxidase (goat anti-rabbit IgG,
1 : 5000, BioRad). Both primary and secondary antibodies
were diluted in solutions from SignalBoost Immunoreaction
Enhancer Kit (Merck Millipore). Membranes were washed
2 × 2min and 3 × 5min with TBST. Immunocomplexes
were detected using a Immun-Star HRP Chemiluminescent
Substrate Kit (BioRad) and visualized using a Fujifilm LAS-
4000 FluorImager system. The blots were stripped using
Restore Western Blot Stripping Buffer (ThermoScientific)
for 15min at RT, washed in TBST, and reprobed with a
mouse antibody against GAPDH (1 : 5000, Millipore) as a
loading control. The relative levels of immunoreactivity were
quantified using Fujifilm Multi Gauge software.

2.9. Immunocytochemical Analysis. We used commercially
available specific anti-NOP antibodies. Cells were fixed for
20 minutes in 4% paraformaldehyde in a 0.1M phosphate
buffer (pH 7.4) and incubatedwith primary antibodies (rabbit
anti-ORL-1, 1 : 500, ProteinTech) for 2 days at 4∘C. After three
washes in phosphate buffered saline (PBS), immunofluores-
cence was revealed by incubation for 2 h in the fluorochrome-
conjugated secondary antibody, Alexa Fluor555 donkey,
antirabbit diluted 1 : 500 in 5% NDS. Sections were then
washed with PB and coverslipped with an Aquatex mounting
medium (Merck, Darmstadt, Germany). Sections without
primary antibodies were used as negative controls.

2.10. Functional [35S]GTP𝛾S Binding Assay. Ipsilateral dorsal
rat spinal cords (L4–L6) were collected 7 days after injury,
6 h after the last morning minocycline treatment and were
prepared for the assay as previously described [44] with
modifications. The membrane fractions of rat spinal cords
were diluted in TEM buffer (50mM Tris-HCl, 1mM EGTA,
and 5mMMgCl

2
; pH 7.4) to achieve the appropriate protein

content for the assays (∼10 𝜇g of protein/sample).
The [35S]GTP𝛾S assays were prepared according to Sim

et al. [45] and Traynor and Nahorski [46] with slight mod-
ifications. The membrane fractions were incubated at 30∘C
for 60min in Tris-EGTA buffer (composed of 50mM Tris-
HCl, 1mM EGTA, 3mM MgCl

2
, and 100mM NaCl; pH

7.4). The buffer also contained 20 MBq/0.05 cm3 [35S]GTP𝛾S
(0.05 nM) and increasing concentrations (10−10–10−5M) of
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N/OFQ 1–17 in the presence of excess GDP (30 𝜇M) in a
final volume of 1mL. Total binding (T) was measured in
the absence of N/OFQ 1–17, while nonspecific binding (NS)
was determined in the presence of 10 𝜇M unlabeled GTP𝛾S
and subtracted from the total binding. The difference (T-
NS) represents basal activity. Bound and free [35S]GTP𝛾S
were separated by vacuum filtration throughWhatman GF/B
filters with Brandel M24R cell harvester. Filters were washed
three times with 5mL ice-cold buffer (pH 7.4), and the
radioactivity of the filters was detected in UltimaGold MV
aqueous scintillation cocktail with Packard Tricarb 2300TR
liquid scintillation counter. [35S]GTP𝛾S binding experiments
were performed in triplicates and repeated at least three
times.

2.11. Data Analysis. The behavioral data are presented as
the mean ± SEM of 8–16 rats per group. The results of
the experiments were statistically evaluated using one-way
analysis of variance (ANOVA). All of the differences between
the treatment groups were further analyzed with Bonferroni’s
post hoc tests. Significant differences in comparisons with
vehicle-treatedCCI-exposed rats are indicated by ∗𝑃(< 0.05),
∗∗
𝑃(< 0.01), and ∗∗∗𝑃(< 0.001). Significant differences

between vehicle-treated CCI-exposed rats that had received a
single dose of N/OFQ andminocycline-treated CCI-exposed
rats that had received a single dose of N/OFQ are indicated
by #
𝑃(< 0.05) and ###

𝑃(< 0.001).
The qRT-PCR analyses from the tissue were performed

in three groups: naı̈ve, vehicle-treated CCI-exposed, and
minocycline-treated CCI-exposed rats. The results from 6–
8 animals are presented as fold changes compared with the
näıve rats in the ipsilateral dorsal lumbar spinal cord. The
results from 4 cell cultures are presented as fold changes
compared with vehicle-treated cells. The qRT-PCR data are
presented as the mean ± SEM and represent the normalized
averages that were derived from the threshold qRT-PCR
cycles from four to eight samples for each group. Inter-
group differences were analyzed using ANOVAs followed by
Bonferroni’s multiple comparison tests. In the cell cultures
analysis, the intergroup differences were analyzed by 𝑡-
test; significant differences resulting from comparisons with
nonstimulated cells are indicated by ∗𝑃(< 0.05).

The protein analyseswere performed usingWestern blots.
The analyses from the tissue were performed in three groups:
näıve, vehicle-treated CCI-exposed, andminocycline-treated
CCI-exposed rats. The results are presented as fold changes
compared to the näıve rats in the ipsilateral dorsal lumbar
spinal cord. The results from cell cultures are presented
as fold changes compared with vehicle-treated cells. The
data are presented as the mean ± SEM and represent the
normalized averages derived from analyses of four to five
samples for each group (for tissue analysis) and four cell
cultures performed with the Multi Gauge analysis program.
Intergroup differences were analyzed using ANOVA followed
by Bonferroni’s multiple comparison tests. ∗∗𝑃(< 0.01)
indicates significant differences compared to näıve rats.
#
𝑃(< 0.05) indicates significant differences compared to

the CCI-treated group. In cell cultures analysis intergroup
differences were analyzed with 𝑡-test.

In the [35S]GTP𝛾S binding assays, the specifically bound
[35S]GTP𝛾S were presented as percentages as the function
of the applied concentrations of N/OFQ 1–17 in logarithmic
scale. Basal activity was settled as 100%; experimental data
are presented as the mean ± S.E.M. The data were fitted with
GraphPad Prism 5.0 (GraphPad Prism Software Inc., San
Diego, CA) curve fitting program to determine the maximal
stimulation or efficacy (𝐸max) of the receptor mediated G-
protein and the potency (EC

50
) of the stimulator ligand. Sta-

tistical analysis was performed using one-way ANOVA with
Bonferroni’s multiple comparison post hoc test to determine
the significance level. Significance was accepted at the ∗𝑃(<
0.05) level.

3. Results

3.1. Repeated Minocycline Administration Diminished the
Development of Neuropathic Pain and Enhanced the Effec-
tiveness of Nociceptin/Orphanin FQ. In the behavioral tests,
all vehicle-treated CCI-exposed rats exhibited neuropathic
pain symptoms. Seven days after injury, rats exhibited strong
allodynia as measured by the von Frey test (11.7 g ± 0.6
compared with 25.8 g ± 0.2 for naı̈ve rats) (Figure 1(a)) and
potent hyperalgesia as measured by the cold plate test (7.6 s ±
0.9 compared with 29.7 s ± 0.3 for naı̈ve rats) (Figure 1(b)).
Minocycline (30mg/kg; i.p.) administered repeatedly was
effective in reducingmechanical allodynia asmeasured by the
von Frey test (vehicle-treated 11.7 g ± 0.6 versus minocycline-
treated 18.0 g ± 0.6) (Figure 1(a)) and also in reducing cold
hyperalgesia as measured by the cold plate test (vehicle-
treated 7.6 s ± 0.9 versus 12.1 s ± 0.9 minocycline-treated)
(Figure 1(b)).

N/OFQ (2.5 and 5 𝜇g; i.t.) was injected at day 7 at one
hour after the last morning dose of minocycline (30mg/kg;
i.p.) or vehicle. The effect of N/OFQ (2.5𝜇g; 5 𝜇g/𝜇L; i.t.)
in minocycline-treated rats as compared with vehicle-treated
ones was significantly increased in the von Frey test 20 and
40 minutes after injection (Figure 1(a)). The antihyperal-
gesic effect of the lower dose of N/OFQ (2.5 𝜇g/𝜇L; i.t.) in
minocycline-treated rats compared with vehicle-treated rats
was significantly upregulated only after 50 minutes, while at
a higher dose (5 𝜇g/𝜇L; i.t.) the antihyperalgesic effect was
potentiated at both times (Figure 1(b)).

3.2. RepeatedMinocycline Administration Influenced the Noci-
ceptin/Orphanin FQ System Parallel to Microglia Regulation
in the Spinal Cord Level under Neuropathic Pain. Seven days
after CCI in the ipsilateral lumbar dorsal spinal cord an
increase of 60% of NOP protein was observed compared
with naive animals (Figure 2(b)). Repeated administration
of minocycline reduced the upregulation of NOP protein
level (by 24%) in comparison with naive rats (Figure 2(b)).
No changes in NOP mRNA were seen in the vehicle-
or the minocycline-treated rats compared with naive ani-
mals (Figure 2(a)). Parallel to NOP protein regulation, we
observed the upregulation of protein by 185% for IBA-1
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Figure 1: Repeated minocycline administration diminished the development of neuropathic pain and enhanced the effectiveness of N/OFQ.
The response to N/OFQ was measured 20 and 40 minutes after administration by the von Frey test (a) and 30 and 50 minutes after
administration by the cold plate test (b).Minocycline (MC; 30mg/kg; i.p.) was administered intraperitoneally preemptively 16 h and 1 h before
CCI and then repeatedly twice daily for 7 days. Vehicle-treated and minocycline-treated rats received intrathecal N/OFQ (2.5; 5𝜇g/5 𝜇L) one
hour after the last morning administration on day 7 after CCI.The data are presented as the mean response ± SEM. (8–16 rats per group).The
results of the experiments were statistically evaluated using one-way analyses of variance (ANOVA). The differences between the treatment
groups throughout the study were further analyzed with Bonferroni’s post hoc tests. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 indicate significant
differences comparedwith vehicle-treatedCCI-exposed rats; #P < 0.05 and ###P < 0.001 indicate significant differences between vehicle-treated
CCI-exposed rats that received a single dose of N/OFQ andminocycline-treated CCI-exposed rats that received a single dose of N/OFQ.The
dotted line is a value for näıve animals (von Frey test 25.8 g; cold plate test 29.7 s).

(a microglial marker) in the ipsilateral lumbar dorsal spinal
cord in the vehicle-treated rats (Figure 2(c)). Repeated
administration of minocycline diminished the level of
microglial activationmarker to 57% in comparisonwith naive
rats (Figure 2(c)).

3.3. Repeated Minocycline Administration Influenced Noci-
ceptin/Orphanin FQ Peptide Receptor Signaling under Neuro-
pathic Pain. In the [35S]GTP𝛾S binding assay, duringN/OFQ
stimulation in the ipsilateral lumbar dorsal rat spinal cord
CCI-exposed rats remained unaffected compared to the naive
group. However, repeated minocycline treatment markedly
increased the specific binding of the nucleotide analogue dur-
ing NOP-mediated G-protein activation (Figure 3(b)). This
resulted in a significant increase in themaximal activation (or
efficacy, 𝐸max) of NOP-mediated G-protein compared with
the vehicle-treated CCI-exposed group (Figure 3(a)). The
potency (pEC

50
) of the ligand remained unaltered (data not

shown; the curves did not shift to either side to a significant
degree) compared to naive either to vehicle treated CCI-
exposed animals (Figure 3(b)).

3.4. Minocycline Influenced the Nociceptin/Orphanin FQ Pep-
tide Receptor mRNA but Not Protein Levels in Rat Primary
Microglial Cell Cultures. Rat primary microglial cell cultures
were treated with minocycline (10 𝜇M) for 6 h and 24 h
for mRNA and protein analysis, respectively. The qRT-PCR
analysis shows that minocycline downregulates NOP mRNA

in comparison with vehicle-treated cells (Figure 4(a)). Using
Western blot analysis we have shown that minocycline did
not have influence on the protein level of NOP after 24 h
treatment in primary microglial cell cultures in comparison
with vehicle-treated cells (Figure 4(b)). The presence of NOP
in microglial cells was confirmed by immunocytochemistry
(Figure 4(c)).

4. Discussion

Numerous pain studies are focused on the N/OFQ system
because it is known that at the spinal cord level N/OFQ shows
antinociceptive action through NOP, present in sensory
neurons. NOP is considered as a novel potential target in
the pain therapy. However, the role played by microglia in
the functioning of this system has not been studiedthus
far. In the present study, we have shown for the first
time the important influence of microglial activation on
the effectiveness of the N/OFQ system. We demonstrated
that repeated administration of minocycline potentiated the
analgesic effects of N/OFQ in neuropathic rats and the effect
seems to be additive. Chronic minocycline administration
reduced the elevated spinal level of NOP protein of CCI-
exposed rats, and it significantly increased NOP signaling
possibly through the upregulation of NOP coupledGi protein
activation. Interestingly, in our in vitro studies we had shown
that minocycline downregulates mRNA level for NOP in
primary microglial cell cultures.
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Figure 2: Repeated minocycline administration influenced the N/OFQ system parallel to microglia regulation in the spinal cord level under
the neuropathic pain. Seven days after CCI in the ipsilateral dorsal spinal cord, minocycline-treatment diminished the level of NOP (b)
and IBA-1 (c) proteins levels that were upregulated by nerve injury. The NOP mRNA level was unchanged by nerve injury and minocycline
treatment (a). The qRT-PCR and Western blot data are presented as the mean ± SEM and represent the normalized averages derived from
analyses of 4–8 samples for each group. Intergroup differences were analyzed using ANOVA followed by Bonferroni’s multiple comparison
test. ∗∗P < 0.01 and ∗∗∗P < 0.001 indicate significant differences compared with naı̈ve rats. #P < 0.05 and ##P < 0.01 indicate significant
differences comp ared with the CCI-treated group. V: vehicle, MC: minocycline.

The N/OFQ analgesic activity is mediated selectively by
NOP [3, 47, 48], which has been shown to act through
the same intracellular pathway as classical opioid receptors
[3, 7]. In healthy animals, N/OFQ administered i.t. has
been generally found to produce antinociceptive responses
that are similar to classical opioid receptor agonists without
inducing signs of sedation or motor impairment [3, 10–14,
49, 50] which is why this system seems to be a promising

target for chronic pain treatment. N/OFQ administered i.t.
in neuropathic pain strongly alleviates both allodynia and
hyperalgesia [4, 5, 48, 51, 52], and these results are in agree-
ment with our behavioral results shown in the present paper.
Additionally, electrophysiological studies have confirmed
that the antinociceptive potency of spinally administered
N/OFQ is maintained or even enhanced after nerve injury
[14]. This is in contrast with classic opioid receptor agonists,
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Figure 3: Repeated minocycline administration influenced NOP signaling. Chronic i.p. (30mg/kg) minocycline treatment significantly
increased the specific binding of the nucleotide analogue on NOP G-protein compared to vehicle-treated CCI-exposed rats. (a) The figure
represents the calculated efficacy (or𝐸max) of theNOP-mediatedG-protein during ligand stimulation. (b)Thefigure represents the specifically
bound [35S]GTP𝛾S as a percentage in the presence of increasing concentrations (1010−10−5M) of N/OFQ 1–17. Basal activity was settled as
100%. Points and columns representmean± SEM. for at least three experiments performed in triplicates. Intergroup differences were analyzed
using ANOVA followed by Bonferroni’s multiple comparison test. ∗P < 0.05 indicates significant differences compared with näıve rats. V:
vehicle, MC: minocycline.

such asmorphine, which are less effective in neuropathic than
in acute pain conditions, making the N/OFQ system a much
more effective target in neuropathic pain treatment [53].

N/OFQ and its receptor are localized in nervous system
regions that are associated with nociception [22–24, 54].
Using immunoreactivity-based approaches, NOP protein
has been detected in the gray matter of the spinal cord,
particularly in the superficial layer II of the lumbar dorsal
horn [9, 27]. Therefore, for our biochemical analysis we used
dorsal part of the lumbar spinal cord L4–L6. Luo et al.
[55] have shown that in the dorsal horn N/OFQ suppresses
excitatory, but not inhibitory (glycinergic or GABAergic),
synaptic transmission to substantia gelatinosa neurons. It has
been clearly documented that the induction of chronic pain
states, especially neuropathy, is associated with a regulation
of the N/OFQ system [51, 56, 57].

It is suggested that the development of neuropathic
pain conditions is caused by abnormal glial cell activation,
especially microglia [58–62]. However, there is a lack of
information onwhether NOP can be expressed and regulated
on microglial cells in the spinal cord during neuropathy. It is
well known that microglial cells in the spinal cord become
activated in response to injury [17, 61, 63–65] and may
modulate pain by producing pronociceptive substances, such

as cytokines (IL-1beta, TNFalpha, IL-6, fractalkine, MIP-
1alpha, MIP-1beta, and MCP-1), cytokine receptors (TNFRI,
TNFRII, IL-1RI, and CX3CR1), cytotoxic compounds (iNOS,
NO, ROS, and ATP), prostaglandins, and excitatory amino
acids [62, 66–71]. In our previous studies, we have shown
thatminocycline diminished the development of neuropathic
pain in CCI-exposed rats [41, 64]. In our experiments, we
used minocycline, which besides some influence on neurons
[72, 73], is considered as an inhibitor of the microglial
activation [29–32], viability, and migration [33, 34] during
neuropathic pain. In our previous experiments, we observed
that minocycline can enhance the antiallodynic and antihy-
peralgesic effects of morphine, DAMGO, and U50,488H but
not DPDPE, deltorphin II, or SNC80 [74]. In the present
study, we demonstrated for the first time that in CCI-exposed
rats the antiallodynic and antihyperalgesic effects of N/OFQ
were significantly potentiated by minocycline, similar to
opioid agonists.

Our biochemical study shows strong ipsilateral upregula-
tion of protein for NOP parallel to microglial cell activation,
while fewer changes are observed inminocycline-treated rats.
In our earlier experiments using in situhybridization, we have
shown that the upregulation ofNOPmRNA occurred only in
the ventral but not the dorsal horn of ipsilateral lumbar part of
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Figure 4: Minocycline diminished the mRNA but not protein NOP level in primary microglial cells. Primary microglial cell cultures were
treated with minocycline [MC; 10𝜇M] for 6 h for mRNA analysis (a) and 24 h for protein analysis (b). The qRT-PCR analysis shows that
minocycline [10 𝜇M] downregulates NOP mRNA in primary microglial cell cultures (a). The Western blot analysis shows that minocycline
did not change the protein level of NOP in primary microglia cultures (b). The qRT-PCR and Western blot data are presented as the mean
± SEM and represent the normalized averages derived from the analyses of four experiments. The intergroup differences were analyzed with
a 𝑡-test; significant differences resulting from comparison with nonstimulated cells are indicated by ∗𝑃 < 0.05. The presence of NOP on
microglial cells was confirmed by immunocytochemistry (c). The scale bar for all microphotographs is 25 𝜇m.

the spinal cord, suggesting it is increased inmotoneurons [6].
Similarly, Briscini et al. [51] showed the upregulation of NOP
mRNA in the whole (dorsal and ventral) ipsilateral lumbar
enlargement. In our present study, no changes inNOPmRNA
level were observed in the spinal dorsal part at L4–L6 in
either vehicle- or minocycline-treated rats compared to naive
animals.

Our results suggest that the alterations in the spinal
N/OFQ signaling byminocycline treatment change the effec-
tiveness of coupled Gi proteins which in turn compensates
for neuropathic pain. G-protein activation was monitored
in functional [35S]GTP𝛾S binding assays using N/OFQ 1–17
to activate the receptor. The unaffected potency of N/OFQ
shows that the binding site of the receptor is unaltered in
CCI-exposed rats after vehicle or minocycline injection. We

have shown that minocycline caused an increase in N/OFQ-
stimulated NOP signaling and influenced the N/OFQ system
functionality during neuropathic pain.

The downregulation of the NOP by minocycline is in
parallel with a reduced level of IBA-1 protein, which suggests
that microglia play an important role in this phenomenon.
In 2010, Mika et al. [17] demonstrated by using immuno-
histochemistry that repeatedminocycline treatment reversed
the injury-induced activation of microglia/macrophages in
the dorsal lumbar spinal cord. Our present data suggest that
the changes in the NOP affect not only neurons but also
results from glial cells activation, which is in agreement with
previous reports [20, 21, 72]. Using primary microglial cell
cultures, we have shown for the first time that minocycline
downregulates the level of NOP mRNA in microglial cells.
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Scheme 1: Based on our results, we hypothesize the possible
influence of minocycline on the N/OFQ system during neuropathic
pain. Activated spinal microglia are key factors in the development
of neuropathic pain by producing pronociceptive substances [65]
and they play a role in the efficacy of analgesics (a). Minocycline
(MC) potentiated the effects of N/OFQ through the downregulation
of microglial activation, which leads to decrease of the microglial
pool of NOP at the spinal cord level. This action of minocycline
leads to increasing the analgesic effects of N/OFQ through neuronal
receptors (b).

Our results may suggest that observed changes in NOP
protein level after minocycline administration in a rat model
of neuropathic pain can occur as result of the inhibition of
microglial activation.

5. Summary

Minocycline potentiates the effects of N/OFQ through the
downregulation of microglial activation and also by decreas-
ing themicroglial pool ofNOP.Thus, it increases the analgesic
action of N/OFQ through neuronal receptors, and it also
potentiates the receptor-ligand signaling through the upreg-
ulation of G-protein activation. The results of the present
study provide evidence that minocycline not only diminishes
neuropathic pain-related behavior, but also enhances the
effectiveness of N/OFQ by modulation of NOP expression
and activity (Scheme 1). Our findings suggest that activated
spinal microglial cells, which are the key factors in the
development of neuropathic pain, play an important role
in the function of the N/OFQ system. Therefore, specific
microglial modulators, such as minocycline, combined with
N/OFQ may be an interesting target to develop new therapy
that would be effective against neuropathic pain.
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Endocannabinoids (EC), particularly anandamide (AEA), released constitutively in pain pathways might be accountable for the
inhibitory effect on nociceptors. Pathogenesis of neuropathic pain may reflect complex remodeling of the dorsal root ganglia
(DRGs) and spinal cord EC system. Multiple pathways involved both in the biosynthesis and degradation of AEA have been
suggested. We investigated the local synthesis and degradation features of AEA in DRGs and spinal cord during the development
and maintenance of pain in a model of chronic constriction injury (CCI). All AEA synthesis and degradation enzymes are present
on themRNA level inDRGs and lumbar spinal cord of intact as well as CCI-treated animals. Deregulation of EC system components
was consistent with development of pain phenotype at days 3, 7, and 14 after CCI.The expression levels of enzymes involved in AEA
degradation was significantly upregulated ipsilateral in DRGs and spinal cord at different time points. Expression of enzymes of the
alternative, sPLA2-dependent and PLC-dependent, AEA synthesis pathways was elevated in both of the analyzed structures at all
time points. Our data have shown an alteration of alternative AEA synthesis and degradation pathways, which might contribute to
the variation of AEA levels and neuropathic pain development.

1. Background

The development of neuropathic pain after nerve injury
occurs when peripheral nerve fibers are damaged or dys-
functional, which results in incorrect signals being sent
to the brain and loss of afferent sensory function with
typical features such as allodynia and hyperalgesia [1, 2].
Chronic pain serves no protective biological function unlike
a symptom of a disease process, and there is a strong need
to identify novel therapeutic targets [3]. Among the many
suggested strategies to treat neuropathic pain, cannabinoids
have the potential to become analgesic targets for drug devel-
opment. Indeed cannabinoid agonists suppress neuropathic
symptoms in animal models of neuropathic pain evoked by
chronic constriction injury (CCI) to the sciatic nerve [4–6] or
spinal nerve ligation [7–10]. Yet, this therapeutic intervention
is also associated with a number of adverse effects, includ-
ing sedation, motor impairment, and cognitive impairment.
Therefore, an alternative approach to target endocannabinoid

(EC) signaling has been proposed [11], which may pro-
vide a more effective strategy in relieving neuropathic pain
[12–14]. Anandamide (AEA), the first discovered and best
studied EC, acts via cannabinoid 1 (CB1) and cannabinoid
2 (CB2) receptors in a manner similar to naturally derived
and synthetic cannabinoid agonists, but it may also modulate
nociception via other receptors, that is, transient receptor
potential vanilloid 1 (TRPV1) [15–18].

ECs are present in multiple pain-modulating regions
throughout the central nervous system (CNS), including the
dorsal horn of the spinal cord and the dorsal root ganglia
(DRGs), where their levels are modified by acute nociceptive
stimuli and stress [19–23]. Tissue concentrations of AEA in
the spinal cord become altered [14, 23–25] as an adaptive
response to neuropathic pain, which further confirms the
significant role of the AEA in chronic pain development.

Previous reports suggest that AEA is synthesized “on
demand” [26] in regions of cellular stress (such as injured
tissues or nerves). Although AEA is mainly generated from
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Figure 1: Schematic illustration of parallel AEA synthesis and
degradation pathways. NAPE-PLD represents a Ca2+-dependent
route of AEA formation (—), while other enzymes (- - -) act in
a Ca2+-insensitive manner. Main route of AEA degradation is
hydrolysis by FAAH (- - -). High AEA tissue concentration triggers
parallel catabolic pathways through LOX-12/15 and COX-2 enzymes
(⋅ ⋅ ⋅ ). AEA: anandamide, NAPE: N-acylphosphatidylethanolamine,
NAPE-PLD: N-acylphosphatidylethanolamine phospholipase D,
GDE1: glycerophosphodiester phosphodiesterase 1, ABHD4: 𝛼/𝛽
hydrolase domain containing protein 4, PTPN22: protein tyrosine
phosphatase nonreceptor type 22, sPLA2: soluble phospholipase
A2, INPP5D: inositol 5-phosphatase, PLC: phospholipase C, FAAH:
fatty acid amide hydrolase, COX-2: cycloxygenase 2, LOX-12: arachi-
donate 12-lipoxygenase, LOX-15: arachidonate 15-lipoxygenase, gp-
AEA: glycerophosphoanandamide, p-AEA: phospho-anandamide,
lysoNAPE: lyso-N-acylphosphatidylethanolamine, AA: arachidonic
acid, ETA: ethanolamine, PG: prostaglandins, PM: prostamides, and
12/15-hAEA: 12/15-hydroxyanandamide.

phospholipid precursor N-arachidonoylphosphatidyletha-
nolamine (NAPE) through hydrolysis by a N-arachidonoyl-
phosphatidylethanolamine phospholipase D (NAPE-PLD)
[27] in a Ca2+-sensitive manner, recent evidence [28] indi-
cates the existence of two parallel, additional, phospholipase
C (PLC) and secreted phospholipase A2 (sPLA2)—catalyzed,
Ca2+-independent pathways.The PLC pathway involves PLC
itself and two other enzymes with parallel activity: pro-
tein tyrosine phosphatase non-receptor type 22 (PTPN22)
and phosphatidylinositol-3,4,5-trisphosphate 5-phosphatase
1 (INPP5D) [29, 30]. The sPLA2 pathway also includes
the 𝛼/𝛽 hydrolase domain containing protein 4 (ABHD4)
and glycerophosphodiesterphosphodiesterase 1 (GDE1) [31]
(Figure 1). Similarly, multiple pathways involved in the
degradation of AEA have been suggested [27, 32, 33]. Due
to the efficient enzymatic degradation mainly by fatty acid
amide hydrolase (FAAH) and also cyclooxygenase 2 (COX-
2) as well as arachidonate lipoxygenases 12 and 15 (LOX-
12/15), locally released ECs have a short half-life [34, 35]; thus,
corrective relevance is limited.

Deregulation of the EC system underlies several neu-
rological disorders including chronic pain; thus, there is a
strong need for detailed characterization of the changes in
the EC system during the development of neuropathic pain.
Therefore, the aim of our studies was to investigate the role
of multiple AEA production (both in Ca2+-dependent and
Ca2+-independent manners) and degradation pathways as
well as the possible consequences of altering its signaling

during the development of neuropathic pain. We examined
mRNA expression of EC system elements in DRGs and
lumbar spinal cord, as both of these structures play a critical
role in the integration and modulation of nociceptive signals
from the peripheral nervous system. Additionally, changes
at the site of nerve injury and in DRGs may give rise to the
perception of pain in conditions such as neuropathy, which
modifies the transmission of pain from peripheral tissues
through the spinal cord to higher centers of the brain.

2. Results

2.1. Rats Subjected to CCI Showed Signs of Allodynia on the
Operated Paw at 3, 7, and 14 Days after Induction of Injury.
Presurgery thresholds reached the cut-off values for both
thermal and mechanical allodynia, for both animals which
undergo CCI procedure and intact. Cut-off values were also
reached for intact animals in all tested time points. Neuro-
pathic animals developed thermal allodynia as indicated by
the cold plate test thermal withdrawal latency observed at
day 3 after CCI (18.88 ± 2.88 s; ∗𝑃 < 0.01; Figure 2(a)) and
progressed at days 7 and 14 (12.85 ± 1.61 s, ∗𝑃 < 0.001 and
16.63 ± 1.64 s, ∗𝑃 < 0.001, resp.; Figure 2(a)). Mechanical
allodynia was observed as decreased mechanical withdrawal
threshold ipsilateral to injury in all time points tested (18.18 ±
1.88 g, ∗𝑃 < 0.001; 11.68 ± 1.54, ∗𝑃 < 0.001; 12.75 ± 1.40,
∗𝑃 < 0.001; 3, 7, and 14 days after sciatic nerve injury, resp.;
Figure 2(b)). In both tests, allodynia was maximal at day 7.
The thresholds to mechanical stimulation were unaffected in
contralateral paws and sham-operated rats (data not shown).

2.2. CCI Rats Exhibited a Significant Decrease in Thermal
Hyperalgesia Thresholds after Nerve Ligation. Thermal ipsi-/
contralateral withdrawal latency did not significantly change
in intact animals or in the contralateral side of the CCI
operated rats in all time points tested (Figure 2(c)). CCI to the
sciatic nerve reduced ipsilateral thermal withdrawal latency
compared with both the intact animals and the contralateral
paw of CCI animals at all-time points tested. It reached the
lowest values at day 7 after the procedure (6.77 ± 0.46 s, #𝑃 <
0.05; 4.83 ± 0.50 s, ∗#𝑃 < 0.001; 5.25 ± 0.52 s, ∗#𝑃 < 0.001; at
day 3, 7 and 14 after CCI, resp.; Figure 2(c)).

2.3. Alteration of CB2 Expression Was Observed in DRGs
(L4-L6) and Lumbar Spinal Cord during the Development
of Neuropathic Pain, While No Changes Were Observed in
the Expression of CB1 and TRPV1. CB1, CB2, and TRPV1
receptor transcripts were detected both in the DRGs and
in the lumbar spinal cord of intact and neuropathic rats.
Higher levels ofCnr1 (CB1) receptor transcripts were detected
contralateral to the injury in the DRGs throughout the
development of neuropathic pain in comparison with the
ipsilateral side (1.31 ± 0.11, #𝑃 < 0.05; 1.78 ± 0.14, ∗#𝑃 < 0.001;
1.35 ± 0.09, #𝑃 < 0.01; fold change at days 3, 7, and 14 in CCI
rats, resp.; Figure 3(a)). Although there were significant dif-
ferences in Cnr1 expression in ipsilateral versus contralateral
DRGs at respective days, only day 7 was characterized by a
significant upregulation in the contralateral versus intact. No
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Figure 2: Thermal (a) and mechanical (b) allodynia and thermal
hyperalgesia (c) in intact or CCI animals at 3, 7, and 14 days after
CCI of the sciatic nerve. Thermal allodynia and hyperalgesia were
measured as thermal withdrawal latency in seconds (mean ± SEM)
and mechanical allodynia as mechanical withdrawal threshold in
grams (mean ± SEM). Cut-off values were 30 s, 26 g, and 20 s
for the cold plate, von Frey’s and Hargreaves’ tests, respectively.
Statistical analysiswas performedusing a one-wayANOVA followed
by Bonferroni post hoc tests. Values with 𝑃 < 0.05 were considered
significant.∗denotes significant difference versus intact and # versus
contralateral paw.

significant changes in Cnr1 mRNA levels were observed in
the lumbar spinal cord during development of neuropathic
pain (Figure 3(b)). Cnr2 (CB2) mRNA expression levels were
altered in both structures (Figures 3(c) and 3(d)). In DRGs,
an elevated level of Cnr2 transcript was observed ipsilateral
at day 7 after CCI procedure (1.78 ± 0.11, ∗𝑃 < 0.01; fold

change at day 7 in CCI rats). Expression of Cnr2 contralateral
to the injury decreased significantly 14 days after sciatic nerve
injury in comparison to earlier time points ($𝑃 < 0.05).
The strongest upregulation of Cnr2 transcript was observed,
exclusively ipsilateral to the injury, in the lumbar spinal cord
at all-time points tested (6.53 ± 1.42, ∗𝑃 < 0.01; 7.43 ± 1.49
∗𝑃 < 0.01#𝑃 < 0.05; 6.30 ± 1.93 ∗𝑃 < 0.05; fold change
ipsilateral at days 3, 7, and 14 in CCI rats, resp.; Figure 3(d)).
Expression of Trpv1 mRNA was not altered in the examined
structures during the development of neuropathic pain at
days 3, 7, or 14 in comparison to intact animals (Figures 3(e)
and 3(f)). However, an alterations in the DRGs at day 7 versus
day 3 was observed ($𝑃 < 0.01).

2.4. Upregulation of Alternative Synthesis Enzymes of AEA
in DRGs and Lumbar Spinal Cord as a Consequence of
Sciatic Nerve Injury. There were no significant changes in
the expression levels of Napepld (NAPE-PLD) mRNA, the
main AEA synthesizing enzyme, in DRGs or in the lumbar
spinal cord (Figures 4(a) and 4(b)). Neuropathic pain led to
an upregulation of mRNA encoding enzymes of alternative
synthesis pathways in L4-L6 DRGs and the lumbar spinal
cord (Figure 5). Pla2g2a (sPLA2) transcript levels were
elevated in DRGs ipsilateral to the injury 7 days after CCI
compared with the intact animals (1.40 ± 0.17, #𝑃 < 0.01;
1.69 ± 0.07, ∗𝑃 < 0.01 #𝑃 < 0.001; 1.40 ± 0.06, #𝑃 < 0.01;
fold change ipsilateral at days 3, 7, and 14 in CCI rats, resp.;
Figure 5(a)) and in all-time points in the lumbar spinal cord
(2.15 ± 0.14, ∗#𝑃 < 0.001; 1.94 ± 0.06, ∗#𝑃 < 0.001; 1.87 ±
0.04, ∗𝑃 < 0.001#𝑃 < 0.01; fold change at days 3, 7 and 14
after sciatic nerve ligation, resp.; Figure 5(g)).The abundance
of Inpp5d (INPP5D) mRNA was increased ipsilateral to the
injury in all tested time points in the lumbar spinal cord
exclusively (2.83 ± 0.18, ∗#𝑃 < 0.001; 2.36 ± 0.10, ∗#𝑃 <
0.001; 2.51 ± 0.05, ∗#𝑃 < 0.001; fold change ipsilateral at
days 3, 7, and 14 in CCI rats, resp.; Figure 5(l)). The mRNA
levels of other enzymes involved in AEA synthesis did not
significantly change in the measured time points after CCI of
the sciatic nerve.

2.5. Alteration in the Expression of Main and Alternative
Enzymes for AEA Degradation in Tested Tissues of CCI
Rats during the Development of Neuropathic Pain. Analysis
of Faah (FAAH) transcript levels revealed that the main
AEA degradation enzyme showed no significant changes in
expression in the L4-L6 DRGs during the development of
neuropathic pain (Figure 6(a)). Alterations of Faah mRNA
levels were limited to the ipsilateral side of the lumbar spinal
cord at days 3, 7, and 14 after CCI (1.73 ± 0.23, ∗𝑃 < 0.001;
2.54 ± 0.36, ∗𝑃 < 0.001; 2.57 ± 0.20, ∗𝑃 < 0.001 #𝑃 < 0.05;
fold change at respective days; Figure 6(b)). Ptgs2 (COX2)
transcript levels were altered in DRGs both at the ipsilateral
and contralateral side of the injury at different time points.
The highest levels of transcript were observed at day 7 after
injury (3.50 ± 0.25, ∗𝑃 < 0.001; 3.40 ± 0.42, ∗𝑃 < 0.001;
Figure 6(c)). Ptgs2 expression declined to baseline at day
14 after CCI surgery. We observed no appreciable changes
in the abundance of Ptgs2 in lumbar spinal cord, except
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Figure 3: Results of qPCR analysis of Cnr1, Cnr2, and Trpv1 gene expression levels in the L4-L6 dorsal root ganglia and in the dorsal part
of the lumbar spinal cord during the development of neuropathic pain in CCI rats. Samples were collected at 3, 7, and 14 days after CCI
procedure. Data are presented as the mean ± SEM and represent normalized averages derived from 4–6 samples for each group. Results are
presented as a fold change normalized to the expression of a reference gene Hprt1, compared to the intact animals. Statistical analysis was
performed using a one-way ANOVA followed by Bonferroni post hoc tests. Values with 𝑃 < 0.05 were considered significant. ∗ denotes
significant differences versus intact, # versus contralateral side, and $ versus indicated bar.

for the Ptgs2 ipsilateral upregulation at day 3 (1.86 ± 0.21,
∗𝑃 < 0.001; fold change ipsilateral at day 3 in CCI rats;
Figure 6(d)). Similar patterns of gene expression levels of the
major lipoxygenases (Alox12,Alox15) in neuropathic ratswere
observed in the DRGs and the lumbar spinal cord (Figures
6(e)–6(h)). Alox12 (LOX-12) mRNA levels were significantly
upregulated ipsilateral to the injury in DRGs from day 7
after CCI (1.87 ± 0.17, ∗𝑃 < 0.001 #𝑃 < 0.01 $𝑃 < 0.001;
1.63 ± 0.09, ∗𝑃 < 0.001 $𝑃 < 0.01; fold change at days 7
and 14 in CCI rats, resp.; Figure 6(e)). Elevation of Alox12

transcript levels in lumbar spinal cord was observed solely
ipsilateral to the injury at all-time points measured (1.65 ±
0.06, ∗𝑃 < 0.001 #𝑃 < 0.01; 1.52 ± 0.08, ∗𝑃 < 0.01; 1.74 ±
0.18, ∗𝑃 < 0.001 #𝑃 < 0.05; fold change ipsilateral at days 3, 7,
and 14 inCCI rats, resp.; Figure 6(f)). Elevated levels ofAlox15
(LOX-15) mRNA were observed ipsilateral at days 7 and 14
after sciatic nerve injury in both of the assayed tissues (2.04
± 0.28, ∗𝑃 < 0.01 $𝑃 < 0.05; 2.64 ± 0.27, ∗𝑃 < 0.001 #𝑃 <
0.001 $𝑃 < 0.001; fold change DRGs ipsilateral at day 7 and
14 in CCI rats, resp., and 2.26 ± 0.36, ∗𝑃 < 0.001 #𝑃 <
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Figure 4: Expression of NapepldmRNA in L4-L6 dorsal root ganglia and in the dorsal part of the lumbar spinal cord during the development
of neuropathic pain in CCI rats. Samples were collected at 3, 7, and 14 days after CCI procedure. Data are presented as the mean ± SEM and
represent normalized averages derived from 4–6 samples for each group. Results are presented as a fold change normalized to the expression
of a reference geneHprt1, compared to the intact animals. Statistical analysis was performed using a one-way ANOVA followed by Bonferroni
post hoc tests. Values with 𝑃 < 0.05 were considered significant. ∗ denotes significant differences versus intact, # versus contralateral side,
and $ versus indicated bar.

0.05 $𝑃 < 0.001; 2.49 ± 0.25, ∗𝑃 < 0.001 $𝑃 < 0.001; fold
change lumbar spinal cord ipsilateral at day 7 and 14 in CCI
rats, resp; Figures 6(g) and 6(h)).

3. Discussion

A large number of research articles have demonstrated the
efficacy of cannabinoids and modulators of the EC system
in the alleviation of neuropathic pain in various animal
models of surgically induced trauma, such as chronic con-
striction injury, partial sciatic nerve ligation, or spinal nerve
ligation [14, 36]. Recent studies highlight the importance
of alterations in the spinal and supraspinal EC levels in
neuropathic rats [24] as well as the involvement of peripheral
CB1/CB2 receptors in the antinociceptive effects of EC system
modulation [37]. However, the exact mechanisms involved
in the dynamic changes of EC concentrations in nervous
tissues have never been investigated. Given the importance
of the first-order neurons located in the DRGs and the spinal
cord for pain sensation, in the present study, we investigated
the putative AEA synthesizing and degradation enzymatic
pathways in those structures. We reported for the first time
changes in the expression of AEA metabolic enzymes at the
DRG and spinal cord levels in a rat model of neuropathic
pain.

In the rat CCI model of neuropathic pain, we evaluated
pain behavior in three independent tests (Figure 2). We
have determined that the nocifensive behavior in neuro-
pathic animals: allodynia and hyperalgesia are accompanied
by multiple changes in the expression of receptors and
metabolic enzymes for AEA. ECs are produced on demand
in regions of cellular stress, for example, in injured tissues
during the development of neuropathic pain. Unfortunately,
locally released ECs are rapidly broken down in the tissue,
so their physiological effectiveness is limited. Therefore,
the endogenous control of the EC system during chronic

pain remains an important issue to study, and it might
provide new insight into the possibilities of EC modulation.
The present investigation has expanded the knowledge of
endogenous control mechanisms by showing that parallel
pathways of synthesis and degradation of AEA become
activated in response to the development of neuropathic
pain and in consequence may influence levels of AEA in
effected tissues. Studies on the endogenous levels of AEA
in neuronal tissues during the development of chronic pain
have yielded conflicting results in this regard. It was reported
that the development of chronic pain was accompanied by
a significant elevation of AEA levels at the spinal cord level
[6, 24, 33, 38], although other studies showed no changes
or even decreases in AEA concentration in different models
of chronic pain [12, 22, 23, 25, 39, 40]. Several parallel
pathways are suggested to contribute to the synthesis of AEA,
among which the main occurs from its membrane precursor
through cleavage by NAPE-PLD. It was reported that tissues
fromNAPE-PLDknockoutmice exhibited enzymatic activity
converting NAPE to AEA in a calcium-independent manner
[41], suggesting the involvement of parallel biosynthetic
pathways and supporting the theory that NAPE-PLD only
makes a partial contribution to the biosynthesis of AEA [42].
Although some data showed the expression of enzymes of
alternative pathways in neuronal tissues [43], comparison
of expression profiles between control and neuropathic pain
animals has never been performed.The present investigation
has supplemented these observations by showing the upreg-
ulation of AEA synthetic enzymes in parallel pathways in
a rat model of neuropathic pain (Figure 5). We confirmed
that NAPE-PLD shows no alteration during the induction of
pain (Figure 4) (as previously reported [40]). Therefore, we
hypothesized that the variations in AEA levels are derived
from disparities in the activity of alternative synthesis path-
ways. As a matter of fact, parallel pathways for AEA synthesis
involving Ca2+ -insensitive enzymes were elevated ipsilateral
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Figure 5: Gene expression analysis of enzymes involved in alternative pathways of anandamide synthesis—Pla2g2a, Abdh4, Gde1, Plcb1,
Ptpn22, and Inpp5d in L4-L6 dorsal root ganglia and in the dorsal part of the lumbar spinal cord during the development of neuropathic pain
in CCI rats. Samples were collected at 3, 7, and 14 days after CCI procedure. Data are presented as the mean ± SEM and represent normalized
averages derived from 4–6 samples for each group. Results are presented as a fold change normalized to the expression of a reference gene
Hprt1, compared to the intact animals. Statistical analysis was performed using a one-way ANOVA followed by Bonferroni post hoc tests.
Values with 𝑃 < 0.05 were considered significant. ∗ denotes significant differences versus intact, # versus contralateral side, and $ versus
indicated bar.
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Figure 6: Expression of main anandamide degradation enzymes—Faah, Ptgs2, Alox12, and Alox15 in L4-L6 dorsal root ganglia and in the
dorsal part of the lumbar spinal cord during the development of neuropathic pain in CCI rats. Samples were collected at 3, 7, and 14 days after
CCI procedure. Data are presented as the mean ± SEM and represent normalized averages derived from 4–6 samples for each group. Results
are presented as a fold change normalized to the expression of a reference gene Hprt1, compared to the intact animals. Statistical analysis
was performed using a one-way ANOVA followed by Bonferroni post hoc tests. Values with 𝑃 < 0.05 were considered significant. ∗ denotes
significant differences versus intact, # versus contralateral side, and $ versus indicated bar.

to the injury in both of the tissues examined in our studies
(Figure 5). Additionally, PLC-dependent pathway activity
was altered in the site of injury in the lumbar spinal cord
exclusively (Figure 5). Our findings stress the importance of
the activation of these pathways in the endogenous control of
AEA levels during the development of chronic disorders.

Similar to the synthetic pathways, there is more than one
degradation route of AEA. It has been assumed that AEA
undergoes mainly FAAH-mediated hydrolysis. In the present
study, we report strong upregulation of FAAH transcripts
ipsilateral to the injury on the spinal cord level (Figure 6).This
finding supports our previous studies, which were focused on
investigating the role of FAAH inhibition in the alleviation
of pain behavior through the endogenous elevation of AEA

levels (for details see [13]). Yet, diminishing or eliminating the
hydrolysis of AEA by FAAH would increase the probability
that AEA might undergo alternative routes of metabolism,
such as oxidation by fatty acid oxygenases that are known to
act on endogenous arachidonic acid, namely, the members of
the lipoxygenase (LOX) and cyclooxygenase (COX) [33, 44,
45] families. Herein, we also examined mRNA levels of LOX-
12 and LOX-15 and showed an ipsilateral alteration of these
enzymes in both the DRGs and lumbar spinal cord during
the development of neuropathic pain (Figure 6). This result
suggests that changes in LOX expression, as well metabolism
of AEA via this pathway, may influence nociceptive process-
ing. Moreover, LOX catabolism may lead to the production
of active AEA metabolites, for example, 12/15-hydroxy-AEA,
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which may act via TRPV1 and/or PPARalfa receptors, which
contribute to the modification of pain behavior [33, 46, 47].
AEA was also shown to serve as a substrate for COX-2
[48]. As a result, it is a precursor of prostaglandins and
prostamides, which can induce neuroinflammation and can
result in the attenuation of therapeutic benefits of FAAH
inhibitors [49, 50]. Moreover, some oxidized forms of AEA
might serve as FAAH inhibitors [51]. Because they can be
formed in vivo, they might also play an important role in
controlling AEA degradation and, as a consequence, its levels
in tissues. As in our studies, both LOX-12/15 and COX-2
levels were elevated, the effects of AEA metabolites should
be considered based on the estimation of the benefits of
pharmacological FAAH enzyme inhibition.

The analgesic effects produced by the activation of CB1
receptors have been well described and extensively reviewed
[14, 52]. However, the broad distribution of CB1 receptors in
the central nervous system emphasizes both their therapeutic
effects, such as analgesia, as well as their side effects. Although
it was reported bymany authors that CB1 receptor expression
is increased in the chronic pain conditions [53, 54], there
is evidence showing no effect of pain development on
CB1 receptor level alterations [55, 56], which is consistent
with our studies. Due to the side effects mediated by CB1
receptor, it is clinically relevant to focus on the periph-
erally restricted CB1 agonists [57] as well as on signaling
through the CB2 receptor. In our studies on neuropathic pain
development, the CB2 receptor rather than the CB1 receptor
showed significant upregulation, which is consistent with
results obtained by other authors [58–60] and this finding
might contribute to the hypothesis of the involvement of
CB2 receptors in the attenuation of nociceptive response
in models of neuropathic pain [61, 62]. Moreover, studies
showed that the administration of CB1/CB2 agonist can
attenuate pain response, although no change in expression of
those receptors was observed [63]. This result might suggest
more complex interactions between cannabinoid receptors
during the development chronic pain dependent on the
various features of the animal model used. Because AEA
might act on different molecular targets, we examined the
expression of the TRPV1 receptor at the transcript level as
well. Although we observed no changes in the transcript
levels of this receptor, its activity depends on phosphorylation
and dephosphorylation processes, which are crucial for its
function and act to decrease or increase channel activity,
respectively [64].

4. Conclusions

The present investigation has expanded the knowledge of EC
system modulation by showing that all AEA synthesis and
degradation enzymes are present in DRGs and lumbar spinal
cord of intact as well as neuropathic animals. Alterations
in a variety of synthesis and degradation enzymes of AEA
illustrate the flexibility of the EC system. This may explain
why genetic ablation or pharmacological inhibition of only
one of its metabolic pathways does not cause a substantial
change in the cellular levels of AEA and may lead to

unexpected behavioral effects. By combining behavioral tests
and measuring the transcript levels of metabolic enzymes
of AEA, we provide new insight into the involvement of
the EC system in the development of neuropathic pain.
Because therapies using ECs hold substantial promise, an
understanding of the plasticity of the EC system is crucial and
should be further investigated.

5. Methods

5.1. Animals. Male Wistar rats (Charles River, Hamburg,
Germany), initially weighing 225–250 g, were used for all
experiments. Animals were housed five per cage under a
standard 12/12 h light/dark cycle (lights on at 08:00 h) with
food and water available ad libitum. All animals were allowed
to acclimatize to their holding cages for 3 to 4 days before
any behavioral or surgical procedures were carried out. All
experiments were conducted during the light cycle between
8:00 and 13:00. All experiments were performed according
to the NIH Guide for the Care and Use of Laboratory
Animals with recommendations by IASP [65] and were
approved by the Local Bioethics Committee. Care was taken
to implement the 3 Rs rule (replacement, reduction, and
refinement) both to reduce the number of animals used
and the suffering during the experiments. Different sets of
animals were used for behavioral and biochemical studies
to avoid changes in expression levels caused by thermal and
mechanical stimulation. Results obtained in our research
group [66] as well as those reported by others [67] showed
no significant differences between sham operated group and
intact (naive) animals in allodynia and hyperalgesia thresh-
olds in development of neuropathic pain. Moreover Paszcuk
et al. reported no significant differences in expression of
EC system components in sham versus intact animals [54].
Therefore, respecting 3 R policy in laboratory animals use, we
decided to compare only intact (naive) and neuropathic pain
groups in our biochemical experiments.

5.2. Sciatic Nerve Surgery. Peripheral neuropathy was
induced by chronic constriction injury (CCI) as described by
Bennett and Xie [68].The sciatic nerve injury was performed
under sodium pentobarbital anesthesia (60mg/kg, i.p.). The
biceps femoris and the gluteus superficialis were separated,
and the right sciatic nerve was exposed. Proximal to the
sciatic trifurcation, approximately 7mm of nerve was freed
from the adhering tissue, and the injury was produced by
tying four loose ligatures (4/0 silk, 1mm spacing) around the
sciatic nerve until they elicited a brief twitch in the respective
hind limbs.This twitch prevented us from applying a ligation
that was too strong. The total length of nerve affected
was 5-6mm. No procedure was conducted on the control
animals.

5.3. Nociceptive Behavior. All experiments were conducted
3, 7, and 14 days after the sciatic nerve injury to determine
thermal and mechanical withdrawal thresholds during the
development of neuropathic pain. Thermal allodynia was
assessed using the cold plate test (Cold/Hot Plate Analgesia
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Meter No. 05044 Columbus Instruments, USA).The temper-
ature of the cold plate was kept at 5∘C, and the cut-off latency
was 30 s. The rats were placed on the cold plate, and the
time until the hind paw was lifted was recorded. The injured
paw exhibited lower reaction latency. For the assessment of
mechanical allodynia (von Frey’s test), rats were tested for
their foot withdrawal threshold in response to an automatic
von Frey apparatus (Dynamic Plantar Aesthesiometer Cat.
No. 37400, Ugo Basile Italy). Rats were placed in plastic
cages with a wire net floor 5min before the experiment. The
von Frey’s filament was applied to the midplantar surface of
the ipsilateral hind paw, and the measurements of applied
mechanical force were taken automatically. The strength of
the von Frey’s stimuli in our experiments ranged from 0.5
to 26 g. Thermal hyperalgesia (Hargreaves’ test). For the
assessment of paw withdrawal latency (PWD) to a noxious
thermal stimulus the Analgesia Meter (mod 33, IITC INC.,
Landing, NJ) was used. On the day of the experiment, each
animal was placed in a plastic cage with a heated glass floor.
After 5min of habituation, a noxious thermal stimulus, a light
beam, was focused onto the plantar aspect of a hind paw until
the animal lifted the paw away from the heat source.The paw
withdrawal latency was automatically rounded to the nearest
0.1 s. A cut-off latency of 20 s was used to avoid tissue damage.

5.4. Sample Preparation & RNA Isolation. Animals were sac-
rificed at either the 3, 7, or 14 day after nerve ligation. A group
of naive animals was used as a reference. The L4-L6 dorsal
root ganglia (DRGs) and dorsal lumbar spinal cord were
collected from both ipsilateral and contralateral side to the
injury. Tissue samples were placed in individual tubes with
the tissue storage reagent RNAlater (Qiagen Inc., Valencia,
CA, USA), frozen on dry ice, and stored at −80∘C until
RNA isolation. Samples were homogenized in 1mL of Trizol
reagent (Invitrogen, Carlsbad, CA, USA). RNA isolation was
performed according to Chomczynski’s method [69]. RNA
concentration was measured using a NanoDrop ND-1000
Spectrometer (Thermo Scientific, Wilmington, USA).

5.5. qPCRAnalysis of Gene Expression. Reverse transcription
of total RNA (1 𝜇g per sample) was performed using Omnis-
cript reverse transcriptase (Qiagen Inc., Valencia, CA, USA)
at 37∘C for 60 minutes. For quantitative PCR, 45 ng of cDNA
was used as a template. Reactions were performed using
Assay-On-Demand TaqMan probes and TaqMan Universal
PCR Master Mix (Applied Biosystems, Foster, CA, USA)
according to the manufacturer’s protocol. The following
assays were used: Rn02758689 s1 (Cnr1), Rn03993699 s1
(Cnr2), Rn00583117 m1 (Trpv1), Rn01786262 m1 (Napepld),
Rn00668379 g1 (Pla2g2a), Rn01488539 m1 (Abhd4),
Rn00583529 m1 (Gde1), Rn01514511 m1 (Plcb1),
Rn01533758 m1 (Ptpn22), Rn01400935 m1 (Inpp5d),
Rn00577086 m1 (Faah), Rn00568225 m1 (Ptpgs2),
Rn01461082 m1 (Alox12), Rn00696151 m1 (Alox15),
Rn01527840 m1 (Hprt1). Cycle threshold values (Ct)
were calculated automatically by the iCycler IQ 3.0 software.
Expression levels were normalized with the Ct for a reference
gene, which was hypoxanthine phosphoribosyltransferase

1 (Hprt1). The abundance of RNA was calculated as
2−(normalized threshold cycle).

5.6. Statistics. All data are presented as the mean S.E.M.
The results of behavioral experiments and RT-qPCR were
evaluated by the analysis of variance (ANOVA) followed by
Bonferroni tests. Groups included 8–10 animals for behav-
ioral tests or 4–6 animals for RT-qPCR experiments. A value
of 𝑃 < 0.05 was considered to be statistically significant.
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Although neuropathic pain (NP) is still not fully understood by scientists and clinicians alike, studies suggest that N-methyl-D-
aspartate (NMDA) receptors play an important role in the induction and maintenance of NP. A promising treatment for NP is
through the downregulation of NMDA subunit GluN2B by RNA interference; however, naked siRNA (small interference RNA) is
not effective in long-term treatments. In order to concoct a viable prolonged treatment for NP, Lv-siGluN2B (lentivirus carrying
siRNA targeting GluN2B subunit) was prepared and the antinociception effects were observed in chronic constriction injury (CCI)
rats in the present study. Results showed that Lv-siGluN2B was transduced into spinal cord cells after intrathecal injections and
effectively reduced the nociception induced by sciatic nerve ligation while inhibiting the mRNA and protein expression of GluN2B.
This antinociception effect lasted approximately 7 weeks. These findings suggest that GluN2B subunit could be a target for NP
treatment and Lv-siGluN2B represents a new potential option for long-term treatment of NP.

1. Introduction

Neuropathic pain (NP) is characterized by hyperalgesia,
allodynia, and spontaneous pain. It often occurs as a result
of injury to peripheral nerves, dorsal root ganglions (DRG),
spinal cord, or brain. An estimated 7% to 8% of the general
population suffers from mild to moderate forms of NP, and
5% may be severely affected by it [1, 2]. The N-methyl-D-
aspartate (NMDA) receptor activation in animal models of
chronic pain has implicated that NMDA receptors affect
the polysynaptic spinal pathways and chronic nociceptive
responses [3–5]. The current study focuses on the intrathecal
administration of GluN2B (formally named NR2B) subunit
of NMDA, whichmay evoke a selective, dose-dependent, and
reversible hyperalgesia in mice and rats [6].

It is well documented in clinical and experimental cases
that NMDA receptor agonists profoundly inhibit the long-
term potentiation in the spinal cord [7]; however, their
use as analgesics is limited by serious side effects [8, 9].
Currently, the available pharmacological NMDA receptor
antagonists are nonspecific for NMDA receptor subtypes,
but with the ever increasing knowledge of RNA interference
(RNAi) and small interfering (siRNA), it is plausible to
develop novel drugs that target or knock out genes for the
treatment of chronic pain [10, 11]. Tan et al. [12] reported
that GluN2B receptor, knocked down by intrathecal injection
of siRNA, could reduce formalin-induced nociception in
rats for approximately 21 days [12]. Song et al. [13] also
demonstrated that mRNA levels in siRNA-treated mice were
only 40% of those in control mice on day 14 and returned
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to normal on day 20 after the last injection. Our prior study
investigated the silencing effect of naked siRNA targeting
Toll-like receptor (TLR), which lasted only 3 days after the
last injection [14]. For this reason, we considered alternative
mechanisms for long-term treatment of NP.

Lentiviral vector allows for sustained transgene delivery,
nondividing and dividing cells infection, and broad tissue
tropism, making it a more efficient and safer vehicle for
spinal cord transduction [15]. Experimental transduction in
neurons and glia cells of mice and rats after intraparenchymal
injection displayed therapeutic effects lasting over 4 weeks
[16, 17]. We hypothesize that the long-term treatment of
NP can be achieved through utilizing lentivirus with siRNA
targeting GluN2B receptors, and the antinociception effect
can be observed in chronic constriction injury (CCI) rats.

2. Materials and Methods

2.1. Production and Identification of Recombinant Lentivirus
Lv-siGluN2B. The siRNA (CCTGTGTGCCTAACAACAA)
targeting GluN2B subunit of NMDA receptor gene (Gen-
Bank accession NM 000834) was screened and tested as
described in our previous study [14]. Based on the sequences
of lentivirus and the “Tuschl” principle, target sequences
were designed and chemically synthesized in United Gene
Company (Shanghai, China) and were under control of U6
promoter in lentivirus. The green fluorescent protein (GFP)
was also addressed in the lentivirus to detect the transfected
location of the lentivirus after intrathecal injection with
Hpa I and Xho I restriction sites at the 5 and 3 ends,
respectively. After pFU-GW-siRNA was digested by Hpa I
and Xho I (TaKaRa, Japan), target gene was cloned into pFU-
GW-siRNA and named pFU-GW-siGluN2B. To produce
recombinant lentivirus Lv-siGluN2B (lentivirus-expressing
siRNA of GluN2B), pFU-GW-si GluN2B (20 𝜇g), pHelper 1.0
(15 𝜇g), and pHelper 2.0 (10 𝜇g) were cotransfected into HEK
293T cells with Lipofectamine 2000. Lentivirus was harvested
at about 48 h after transfection.The final titer of recombinant
virus was adjusted to 1 × 109 TU/mL.

2.2. Animals and Chronic Constriction Injury (CCI). Male
Sprague-Dawley (SD) rats weighing 200–250 g were obtained
from Shanghai Experimental Animal Center, the Chinese
Academy of Sciences. The CCI model was established as
previously described [18]. Briefly, after rats were anesthetized
with sodium pentobarbital (40mg/kg, i.p.), the right sciatic
nerve was exposed at the mid-thigh level. The nerve was
ligated loosely with 4-0 chromic gut threads at 4 sites with
1mm apart, so that the nerve diameter was only slightly
reduced. In the sham group, the sciatic nerve was exposed
without ligation. Upon recovery from anesthesia, animals
were housed individually in clear plastic cages. All animal
experiments were approved by the Administrative Commit-
tee of Experimental Animal Care and Use of SecondMilitary
Medical University and conformed to the National Institute
of Health guidelines on the ethical use of animals.

2.3. Lumbar Subarachnoid Catheterization. Rats were
implanted with chronic indwelling catheters in the

subarachnoid space on the same day after CCI procedure.
Briefly, rats were anesthetized with sodium pentobarbital
(40mg/kg, i.p.). A PE-10 catheter (Becton Dickinson, Sparks,
MD, USA) was inserted into the lumbar subarachnoid space
between lumbar vertebrae 5 (L5) and L6 [19]. The catheter
was chronically implanted and the external part of the
indwelling catheter was protected according to Milligan’s
method [20]. A lidocaine test was given to determine the
functionality and position of the catheter tip in the subara-
chnoid space.

2.4. Intrathecal Delivery of Lentivirus. Rats were randomly
divided into 4 groups (𝑛 = 90 per group): sham group (sham
surgery + normal saline), normal saline (NS) group (CCI +
NS), Lv-GFP group (CCI + Lv-GFP), and Lv-siGluN2B group
(CCI + Lv-siGluN2B). Lentivirus Lv-GFP expressing scram-
bled siRNA (TTCTCCGAACGTGTCACGT) was used as a
control. After confirmation of the effect of CCI on the 3rd day
after surgery, rats in Lv-GFP group and Lv-siGluN2B group
were given Lv-GFP and Lv-siGluN2B (1 × 107 TU/10 𝜇L),
respectively. The normal saline of equal volume was admin-
istered intrathecally in rats of the remaining two groups.

2.5. Evaluation ofThermal Hyperalgesia. Thepawwithdrawal
latency (PWL) to radiant heat was used to evaluate the
thermal hyperalgesia as previously described [21]. The PWL
was measured on the day and on the 1st, 3rd, 7th, 10th, 14th,
21st, 28th, and 35th days after intrathecal injection of the
virus. Rats were placed under an inverted clear plexiglass cage
(23 × 18 × 13 cm) on a piece of 3mm thick glass plate andwere
allowed to acclimate to the surroundings for 30min before
testing. Then, the radiant heat source was positioned under
the glass floor directly beneath the right hind paw. The rad-
iant heat source consisted of a high-intensity projection lamp
bulb (8V, 50W), locating 40mm below the glass floor and
projecting through a 5 × 10mm aperture at the top of a
movable case. A digital timer automatically read the time
from stimuli to PWL. Detection was done twice in each rat
with a 5-minute interval. The cut-off time was set at 20 sec to
avoid tissue damage.

2.6. Evaluation of the Tactile Allodynia. The paw withdrawal
threshold (PWT)was used to evaluate themechanical allody-
nia for pain.Mechanical allodynia was assessedwith von Frey
filaments on the day and on the 1st, 3rd, 7th, 10th, 14th, 21st,
28th, and 35th days after intrathecal injection of the virus.
Rats were placed on a wire mesh platform, covered with a
transparent plastic dome, and allowed to acclimate for 30min
before testing. The filament was applied perpendicularly to
the plantar surface of the right hind paw.The PWTwas deter-
mined by sequentially increasing and decreasing the stimulus
strength (the “up-and-down” method) (in gram, g), and data
were analyzed using the nonparametric method of Dixon
[22].

2.7. Spinal Cord RNA Extraction and Real-Time PCR. The
real-time PCR was performed on the day and on the 1st, 3rd,
7th, 10th, 14th, 21st, 28th, and 35th days after intrathecal injec-
tion of the virus. Total RNA (6 samples of each group)
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was extracted from L4-L5 spinal cord. Extracted RNA was
treated with DNase I at 37∘C for 30min before reverse
transcription was performed using a kit (TaKaRa, Japan).The
PCR primers were as follows: 5-CGGGAG CTC TGA ATG
CTC TCT TGC ATC TGG CTGGC-3 (forward) and 5-CGG
GTCGACGCCATACAA TTCGACCTGCTG-3 (reverse).
The Real-Time PCR Detection System (Roche, Switzerland)
continually monitors the increase in fluorescence, which is
directly proportional to the PCR product.

2.8.Western Blot Assay. Theproteins of tissues were prepared
from lumbar spinal cord (L4-L5) on the 7th day after injection
as previously described [23]. Proteins were separated by 8%
polyacrylamide SDS-PAGE and transferred onto a nitrocel-
lulose membrane. The nitrocellulose membrane was blotted
with a primary antibody against GluN2B subunit of NMDA
(1 : 100, RayBiotech, USA) and then with secondary antibody
conjugated with horseradish peroxidase. Protein signals were
detected with an ECL system (Amersham Pharmacia, Upp-
sala, Sweden). GAPDH (Sigma Chemical Co., MO, USA,
1 : 500) was used as a loading control.

2.9. Immunofluorescence Assay. Rats were anesthetized and
perfused through the ascending aorta with NS and then with
4% paraformaldehyde in 0.16M phosphate buffer (pH 7.2–
7.4) containing 1.5% picric acid. After perfusion, the L5 spinal
cord was collected and fixed in the same fixation solution
for 3 h and then in 15% sucrose overnight. Transverse spinal
sections (30 𝜇m) were obtained on a cryostat and processed
for immunofluorescence assay [24]. All the sections were
blocked in 0.3% Triton X-100 containing 2% goat serum for
1 h at room temperature and incubated over two nights at
4∘C with anti-GluN2B antibody (1 : 400; RayBiotech, USA).
The sections were incubated for 1 h at room temperature
with Cy3-conjugated secondary antibody (1 : 300; Santa Cruz,
USA). These sections were examined under an Olympus
(Olympus, Japan) fluorescence microscope, and representa-
tive images were captured.

2.10. Statistical Analysis. All data were expressed as mean
± standard error (SEM). Statistical analysis was carried
out using two-way ANOVA followed by Turkey’s multiple
comparisons using GraphPad Prism software (Version 5,
GraphPad Software Inc., CA, USA). The image data from
western blotting was compared using one-way ANOVA. A
value of 𝑃 < 0.05 was considered statistically significant.

3. Results

3.1. Transfection of Neurocytes by Lentivirus. The location of
the lentivirus could be tracked by GFP expression due to the
lentiviral vector system. As shown in Figure 1, the lentivirus
was efficiently transduced into cells of the spinal cord. The
fluorescence of GFP was observed in the neurocytes of rats in
Lv-siGluN2B group.

3.2. Lv-siGluN2B Decreased GluN2B Expression in CCI Rats.
Lv-siGluN2Bwas intrathecally delivered intoCCI rats and the
expression of GluN2B was detected. As shown in Figure 2,
CCI increased the mRNA expression of GluN2B. Compared

Figure 1: Detection of lentivirus Lv-siGluN2B by GFP expression
(×100). As shown in Figure 1, GFP positive cells were observed in the
spinal cord of the rats in Lv-siGluN2B group after intrathecal injec-
tion, which suggested that the lentivirus was efficiently transduced
into cells of the spinal cord.
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Figure 2: mRNA expression of GluN2B detected by real-time
PCR. As shown in Figure 2, CCI increased the GluN2B mRNA
expression in Lv-siGluN2B group, Lv-GFP group, and NS group.
On the 3rd, 7th, 10th, 14th, 21st, 28th, and 35th days after delivery
of Lv-siGluN2B, the GluN2B mRNA expression induced by nerve
ligation decreased significantly compared to Lv-GFP group and NS
group (∗𝑃 < 0.01 versus NS and Lv-GFP groups, two-way ANOVO
analysis followed by Turkey’s multiple comparisons, 𝑁 = 6). No
differences were observed on the 1st day.

to the sham group, GluN2B mRNA expression increased
significantly in NS and Lv-GFP groups (𝑃 < 0.01, two-way
ANOVO analysis followed by Turkey’s multiple comparisons,
𝑁 = 6). Three days after delivery of Lv-siGluN2B, the mRNA
expression of GluN2B induced by nerve ligation decreased
significantly (𝑃 < 0.01 versus NS and Lv-GFP groups, 𝑁 =
6). Similarly, western blot assay (Figure 3) showed that the
protein expression of GluN2B was increased in NS and Lv-
GFP groups after ligation and downregulated by the Lv-
siGluN2B (∗𝑃 < 0.01 versus NS and Lv-GFP groups, one-way
ANOVO analysis, 𝑁 = 6). These changes correspond with
the results of immunohistostaining in the spinal cord, where
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Figure 3: Western blot assay of GluN2B expression. The protein
expression of GluN2B was alsomarkedly downregulated, which was
confirmed by western blot assay (∗𝑃 < 0.01 versus NS and Lv-GFP
group, one-way ANOVO analysis,𝑁 = 6).

GluN2B-positive cells were detected (Figure 4). Following
ligation, the GluN2B expression dramatically increased in NS
group, while the GluN2B expression significantly decreased
in Lv-siGluN2B group but not in LV-GFP group.

3.3. Lv-siGluN2B Attenuated NP in CCI Rats for 35 Days. To
examine the impact of Lv-siGluN2B on pain response in vivo,
modulation of pain perception in the Bennett model of NP
was investigated. PWT and PWL were used to measure the
mechanical allodynia and thermal hyperalgesia, respectively.
After surgery, pain response such as mechanical allodynia
and thermal hyperalgesia was induced, in correspondence to
the reduced PWL and PWT. CCI rats receiving intrathecal
Lv-siGluN2B showed significantly attenuated mechanical
allodynia and thermal hyperalgesia (𝑃 < 0.01 versus NS
and Lv-GFP groups, two-way ANOVO analysis followed by
Turkey’s multiple comparisons, 𝑁 = 10), in contrast to CCI
rats treated with Lv-GFP (Figure 5). The attenuation of pain
response was NMDA specific since CCI rats receiving Lv-
GFP intrathecally had no pain relief, as compared to NS
treated CCI rats. The process lasted for about 35 days, which
suggests that the anti-NP effect of Lv-siGluN2B was long
lasting.

4. Discussion

In this study, the effects ofNP on rat CCImodels were investi-
gated using constructed lentivirus-expressing siRNA against
GluN2B subunit of NMDA receptors. Based on our results,
not only could Lv-siGluN2B be successfully transfected into
the spinal cord by intrathecal injection, but also its induction
significantly downregulated mRNA and protein expression
of GluN2B in the spinal cord. In addition, Lv-siGluN2B

was effectively attenuated in the CCI-induced thermal and
mechanical pain hypersensitivity for about 7 weeks. Our
findings suggest that the lentivirus-mediated siRNA against
GluN2Bmay be used for gene therapy ofNP in an experimen-
tal setting. If this is successful, the downregulation of GluN2B
expression by Lv-siGluN2B may be used to treat NP.

Many studies have shown that GluN2B is distributed
throughout the spinal cord and plays an important role in the
formation of central sensitization and persistent pain [25, 26].
GluN2B-NMDA receptor activation exacerbates a range of
Ca2+-sensitive signaling cascades, leading to an enhancement
of responsiveness to synaptically released glutamate [27].This
increase in responsiveness leads to pain hypersensitivity. In
the present study, GluN2B was found to be upregulated in
RNA and protein levels after sciatic nerve ligation, consistent
with the previous studies in different chronic pain models
[28–30], which suggests the possibility of using this mech-
anism as a target for the NP treatment. Previous behavioral
studies have shown that systematical application of the
selective GluN2B antagonists, ifenprodil and CP-101,606,
produce analgesia in animals with persistent inflammatory or
neuropathic pain [29, 30]. Intrathecal (i.t.) injection of Ro 25-
6981, a selective GluN2B antagonist, had a dose-dependent
antiallodynic effect that leaves motor functions in tact [31].
In the present study, Lv-siGluN2B decreased the mRNA and
protein expression of GluN2B along with the attenuation of
hyperalgesia and mechanical allodynia. Thus, the spinal cord
GluN2B is a novel target for NP treatment.

In the current study, RNAi was used as a powerful tech-
nique to “knock down” target gene of GluN2B. RNAi utilizes
the ability of double-stranded RNAs (dsRNA) allowing it to
form RNA duplexes of specific length and structure for the
purpose of guiding the degradation of mRNA homologous
sequences to siRNA and inducing sequence-specific gene
silencing in vivo [32]. One of the potential advantages of
this technology is the ability to design precisely targeted
therapeutics of any specific subtype [33].TheNMDAreceptor
is composed of the GluN1 and GluN2 subunits (GluN2A,
GluN2B, GluN2C, and GluN2D). The GluN2 subunits deter-
mine the characteristics of NMDAR channels by forming
different heteromeric configurations with the GluN1 subunit
[34]. In the present study, only theGluN2B subunit of NMDA
was specifically targeted by the Lv-siGluN2B. The GluN2B
expression was downregulated by the Lv-siGluN2B, while the
Lv-GFP expressing scrambled siRNA showed no effect on
GluN2B expression. The mRNA expression of Lv-siGluN2B
treated group decreased up to 75%. siRNA targeting P2X3,
𝛿-opioid receptor, and NMDA receptor have been explored
as potential means to manage pain [12, 35, 36]. The motor
coordination indicated by the rotarod performance test was
not affected by the siRNA-GluN2B-induced analgesic effect
as shown by Tan et al. [12]. All these suggest that siRNA is a
feasible tool for precise, specific, and efficient “knock-down”
of GluN2B, establishing a new option for NP therapy.

It has been documented that naked siRNA mediated
downregulation of gene expression is transient and only lasts
for 3 to 5 days [14]; hence, the lentivirus that is capable of
expressing the target gene for several months and suitable
for chronic pain treatment [15, 36] was introduced as a
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Figure 4: Immunofluorescence staining of GluN2B. Downregulation of GluN2B subunit in Lv-siGluN2B group was corroborated with
findings in immunohistostaining in which the GluN2B-positive cells in the spinal cord were detected. (a) NS (×100). (b) Lv-GFP (×100).
(c) Sham (×100). (d) Lv-siGluN2B (×100).
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Figure 5: Impact of Lv-siGluN2B on PWL and PWT in CCI rats. On the 1st, 3rd, 7th, 10th, 14th, 21st, 28th, and 35th days after intrathecal
injection, CCI rats receiving intrathecal Lv-siGluN2B showed significantly attenuated thermal hyperalgesia (a) and mechanical allodynia (b)
compared to CCI rats treated with Lv-GFP and NS, as showed by PWL (∗𝑃 < 0.01 versus NS and Lv-GFP groups, two-way ANOVO analysis
followed by Turkey’s multiple comparisons,𝑁 = 10) and PWT (∗𝑃 < 0.01 versus NS and Lv-GFP groups, two-way ANOVO analysis followed
by Turkey’s multiple comparisons,𝑁 = 10).
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vehicle for siRNA. As hypothesized, results showed that
after intrathecal injection the antinociception effect lasted
for about 35 days, which provided a suitable tool for the
treatment of chronic diseases including but not limited to
NP. In addition, plasmid-expressing GFP was introduced
into the Lv-si GluN2B viral system for tracking. Previous
studies have found that the GluN2B subunit has a relatively
restricted distribution in pain regulatory pathways, such as
in the superficial dorsal horn of the spinal cord [37]. Our
results showed that the lentivirus was successfully transfected
into dorsal horn of CCI rats, which was consistent with the
location of GluN2B. Results also showed the GluN2B expres-
sion along with the pain threshold significantly decreased
after the Lv-siGluN2B injection, suggesting that Lv-siGluN2B
may suppress nociception in rats of the NP model through
decreasing GluN2B subunit expression.

Motor behavior and other side effects caused by the
decreasing GluN2B were not examined in this study. It is
imperative to investigate all possible effects caused by the
lentivirus before preclinical studies. Additionally, in clinical
practice, the levels and timing of GluN2B expression should
be controlled precisely; thus, an inducible gene expression
system such as an RU486 regulating system is necessary.
Further studies are warranted.

In summary, results in the present study demonstrate
that an intrathecal injection of Lv-siGluN2B significantly and
continuously attenuates the nociception of CCI rats. These
findings suggest that Lv-siGluN2B represents a new potential
option for NP management.
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Neuropathic pain (NP) is a highly invalidating disease resulting as consequence of a lesion or disease affecting the somatosensory
system. All the pharmacological treatments today in use give a long lasting pain relief only in a limited percentage of patients
before pain reappears making NP an incurable disease. New approaches are therefore needed and research is testing stem cell
usage. Several papers have been written on experimental neuropathic pain treatment using stem cells of different origin and species
to treat experimental NP. The original idea was based on the capacity of stem cell to offer a totipotent cellular source for replacing
injured neural cells and for delivering trophic factors to lesion site; soon the researchers agreed that the capacity of stem cells to
contrast NP was not dependent upon their regenerative effect but was mostly linked to a bidirectional interaction between the
stem cell and damaged microenvironment resident cells. In this paper we review the preclinical studies produced in the last years
assessing the effects induced by several stem cells in different models of neuropathic pain. The overall positive results obtained on
pain remission by using stem cells that are safe, of easy isolation, and which may allow an autologous transplant in patients may be
encouraging for moving from bench to bedside, although there are several issues that still need to be solved.

1. Introduction

Neuropathic pain (NP), currently defined as “pain arising
as a direct consequence of a lesion or disease affecting
the somatosensory system” [1], represents the most severe
form of chronic pain considering its capacity to affect both
physical and mental patient’s condition. The nature of NP
is extremely heterogeneous and four main categories of
neuropathic lesions have been recognized: focal or multifocal
lesions of the peripheral nervous system (PNS), lesions of
the central nervous system (CNS), polyneuropathies, and
complex neuropathic disorders [2]. Regardless of the primary
etiology, NP can present itself as spontaneous pain sensations
such as paroxysmal pain (shooting pain) and superficial pain
(burning sensation) or as evoked pain: mechanical/thermal

allodynia (pain caused by normally nonpainful mechani-
cal or thermal stimuli), hyperalgesia (increased sensitivity
to a normally painful stimulus), or temporal summation
(increasing pain sensation from repetitive application of the
identical stimulus) [3]. It has recently been pointed out
that neuropathic pain pathogenesis and maintenance involve
interactions among neurons, inflammatory immune cells,
glial cells, and a wide cascade of pro- and anti-inflammatory
cytokines [4–7]. One of the main problems concerning NP
regards its scarce response to the conventional analgesic ther-
apy. Drugs, mainly represented by tricyclic antidepressant,
calcium channel ligands, SSNRI, and opioids, are in fact not
fully effective and their efficacy decreases over time with
development of tolerance in long termuse [8, 9]. It is therefore
mandatory to identify and propose novel approaches to NP
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treatment that could overcome many of the limitations of the
available strategies.

In the last yearsmany researchers, including us, have tried
to relieve neuropathic pain by using stem cells of different
origin. The first moving idea was based on the capacity of
stem cell to offer a multipotent cellular source for replacing
injured or lost neural cells and for delivering trophic factors
to lesion site; in this way, stem cells can represent not only a
pain treatment but a way for repairing the damaged nervous
system at the basis of NP development. Soon we and others
realized that the capacity of stem cells to contrast exper-
imental neuropathic pain was not completely dependent
upon their regenerative effect; in fact many research papers
described an antinociceptive effect of the stem cell achieved
before the appearance of regenerative effect [10]. In this paper
we review the literature in which stem cells of different origin
and species were used to treat neuropathic pain induced in
experimental animal models. We divide the published papers
according to the type of stem cell used, independently of
the experimental NP model. We do not report the studies
with embryonic stem cells considering the associated ethical
problem and the major risk of tumors correlated to them.
Moreover, we considered only papers in which the effect of
stem cells on pain behaviour has been specifically evaluated.
Today there are three main types of stem cells used for
neuropathic pain: neural stem cells, mesenchymal stem cells,
and bone marrow mononuclear cells.

2. Neural Stem Cells

Considering the nature of the lesion at the basis of NP
development that takes place in PNS or CNS, neural stem
cells (NSCs) seem to be the most appropriate type of
cells to prompt a physiological repair of the lesion, due to
their capacity to differentiate into neurons, astrocytes, and
oligodendrocytes, even though it was suggested that also
mesenchymal stem cells, under particular conditions, can
originate cells of the neural lineage [11–13]. Neural stem
cells were identified for the first time and isolated from
the subventricular zone of adult mammalian brain in 1992
[14, 15]. They are multipotential precursors that grow and
self-renew in culture for an extensive period of time as
neurospheres, while retaining a stable capacity to generate
mature functional brain cells. So far, NSC lines have been
derived from the hippocampal dentate gyrus, the olfactory
bulb, the SVZ surrounding the ventricles, the subcallosal zone
underlying the corpus callosum, and the spinal cord of the
embryonic, neonatal, and adult rodent CNS [15], as well as
from human fetal CNS [16–18].

Our group [10] described for the first time the use
of intravenous murine neural stem cells, NSCs, to treat
neuropathic pain which develops as consequence of a lesion
of the peripheral nervous system, that is, sciatic nerve chronic
constriction injury (CCI). Cells, isolated from the subventric-
ular zone using the neurosphere technique [19], were treated
to express GFP gene thus allowing their localization after
transplant. Even though efficiency of the transplant is low, we
described the rapid and specific homing ofNSC to the injured
nerve, since these cellswere present at lesion site starting from

day 1 to day 7 after injection. Their short time presence at
lesion site was, however, able to start a cascade of events in
themain sites of pain transmission, which contributed to pain
reduction.

Regarding their effects on pain relief, NSC, injected when
the pathology was already established, induced a significant
reduction in allodynia and hyperalgesia already 3 days after
administration, demonstrating a therapeutic effect that lasted
for at least 28 days. Responses changed with the number of
administered NSCs and the effect on hyperalgesia could be
boosted by a new NSC administration. Treatment induced
changes in cytokine profile at lesion site, decreasing signif-
icantly the proinflammatory cytokine Interleukin-1 both as
mRNA and protein, while cells were unable to normalize
the levels of the anti-inflammatory cytokine IL-10 decreased
by CCI. The effect on pain relief was also demonstrated
by a reduction of spinal cord Fos expression in laminae
I–VI. Moreover we observed a reparative process and an
improvement of nerve morphology, due to NSC treatment,
which was present at a later time, when pain was already
controlled by NSC treatment. Since NSC effect on pain
symptoms preceded nerve repair and was maintained after
cell disappearance from the lesion site, we believe that the
regenerative, behavioral, and immune NSC effects are largely
due to microenvironmental changes that they might induce
in the lesion. Our results support the idea of a general
bystander effect exerted by transplanted NSC [20]. These
positive results on neuropathic pain relief were supported
by Xu and colleagues [21] by using another route for NSC
administration; the authors described that an intrathecal
administration of neural stem cells, 3 days after CCI injury
in rat, was able to significantly attenuate mechanical and
thermal hyperalgesia with a marked increase of protein and
mRNA levels of glial cell line derived neurotrophic factor
(GDNF) in the spinal dorsal horn and dorsal root ganglia
(DRG). So far we have considered the use of NSC for treating
NP which follows a peripheral lesion of the nervous system;
however, neural progenitors/stem cells were also used to
treat lesions at spinal cord level. One of the main problems
concerning their use in these conditions is represented by
their low survival in the host damaged spinal cord. For this
reason combinatorial strategies were developed to try to
improve their transplant efficiency but the final outcome on
NP is questionable. Positive results on pain were obtained by
the group of Luo [22] investigating the efficacy of a cotrans-
plantation of NSC and OECs (olfactory ensheathing cells) in
a rat spinal cord transection injury model. They found that
the transplantation of NSC together withOEC could improve
the sensory function to mechanical and thermal stimuli
after SCI; the authors suggested that OECs can promote the
NSC survival and the cotransplantation downregulates the
expression of NGF. Karimi-Abdolrezaee et al. [23] instead
developed a combinatorial strategy that allows the successful
application of neural progenitor cells (NPC) based therapies
for the treatment of chronic spinal cord injury. The authors
showed that chondroitin sulfate proteoglycans (CSPGs) in
the glial scar around the site of chronic SCI negatively influ-
ences the long-term survival and integration of transplanted
NPC and their therapeutic potential. For this reason they
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targeted CSPGs and one week later treated the same rats
with transplants of NPC and transient infusion of growth
factors (EGF, bFGF, and PDGF-AA). This combinatorial
approach markedly increased the long-term survival of NPC
and greatly optimized their migration and integration in the
chronically injured spinal cord. Furthermore, this combined
strategy promoted the axonal integrity and plasticity of the
corticospinal tract and enhanced the plasticity of descending
serotonergic pathways. These neuroanatomical changes were
also associated with significantly improved neurobehavioral
recovery after chronic SCI. However, cells were unable to
modify the development of allodynia which follows the tho-
racic spinal cord injury. It is important to report that the first
papers trying stem cell approaches in SCI models described
negative results for pain relief. Hofstetter and colleagues [24]
suggested a correlation between induction of allodynia after
SCI and the transplantation ofNPC.They reported that trans-
planted naive NPCs primarily differentiate into astrocytes
and this was associated with induced aberrant sprouting of
Calcitonin gene related peptide fibers rostral to the injury,
leading to increased allodynia. In the same years, Macias et
al. described that NSC primarily differentiated into astrocytes
when transplanted into the injured spinal cordwhich resulted
in thermal and mechanical forelimb allodynia [25].

All the papers mentioned above described the use of neu-
ral precursors/stem cells isolated from rodents; in literature,
to our knowledge, there is only one paper which showed
the results of using human neural stem cells in experimental
animal models of NP. In this paper human neural stem cells
are shown to be capable of surviving and differentiating in a
traumatically injured environment improving the locomotor
recovery [26]. However, in experimental paradigms of other
pathologies, human neural stem cells (hNSC) have revealed
anti-inflammatory and therapeutic abilities analogous to
their murine counterpart [27–29]. Moreover, the possibility
to isolate and expand hNSC lines of clinical grade [18] has
allowed evaluating the safety of these cells in a phase I
clinical trial in amyotrophic lateral sclerosis patients, which
is currently underway.

3. Mesenchymal Stem Cells (MSC)

MSC are a heterogeneous subset of stromal stem cells which
can be isolated from different sources: bone marrow [30],
umbilical cord (UC) [31, 32], placenta [33], adipose tissue
[34], dental pulp [35], and even the fetal liver [36] and
lungs [37]. These cells express typical surface markers such
as CD73, CD44, CD90, and CD105. Among MSC, the most
representative ones are bone marrow MSC (BMSC), purified
from bone marrow, and adipose tissue derived MSC (ASC),
isolated from adipose tissue. ASCs are described to be BMSC
migrated into the adipose tissue; hence there are no marked
phenotypic differences between these two cell types [34, 38].
However, in recent years, other types of MSC, such as those
derived fromumbilical cord blood (UCB-MSC) and amniotic
mesenchymal stem cells, have begun to attract researchers’
attention for their therapeutic use.

A basic description of bone marrow may help clarify
the origin of bone marrow derived mesenchymal stem

cells. Bone marrow consists of a hematopoietic compo-
nent (parenchyma) and a vascular component (stroma).
The parenchyma includes hematopoietic stem cells and
hematopoietic progenitor cells while bone marrow stroma
contains multipotent nonhematopoietic progenitor cells,
bone marrow stromal cells (MSC) that are known as multi-
potent cells capable of differentiating under specific exper-
imental conditions into several types of cells, for example,
osteoblasts, chondrocytes, adipocytes, and myocytes [30].
Moreover, some papers described the capacity of MSC to
transdifferentiate also into neurons or astrocytes [11–13]. Both
rodent and humanMSC and bonemarrowmononuclear cells
were used for treating experimental neuropathic pain.

3.1. Bone Marrow MSC (BMSC)

3.1.1. Rodent BMSC. One of the first groups to assess the
effect of rat bone marrow stromal cells in an experimental rat
model of peripheral neuropathy was the group of Musolino
[39]. They demonstrated that an ipsilateral intraganglionic
injection of rat bonemarrow stromal cells was able to prevent
the generation of mechanical allodynia and to reduce the
number of allodynic responses to cold stimuli in rats that
underwent a single ligature sciatic nerve constriction [39].
One of the possible mechanisms involved in such effect was
the capacity of BMSC to partially prevent the injury-induced
changes in galanin, Neuropeptide Y and Neuropeptide Y
receptor expression in DRG [40]. The authors compared the
effect of MSC on pain relief and biochemical changes to that
of bone marrow nonadherent mononuclear cells (BNMCs),
but these latter stem cells were, in that case, unable to reduce
pain [39].

Rat bone marrow MSC has also been used in another
type of neuropathic pain treatment, not derived from a direct
nerve lesion, but consequence of the metabolic dysfunction
present in diabetes which is one of the main causes of painful
neuropathy in human. Shibata and colleagues tried in fact
to improve diabetic polyneuropathy induced in rat by using
Streptozotocin (STZ) [41]. MSC (1 × 106) were therapeutically
injected into the hind limb muscle 8 weeks after diabetes
induction. The authors described an increase in VEGF and
bFGF mRNA expression in MSC-injected diabetic rats and
colocalized VEGF and bFGF in MSC in the transplanted site
thus suggesting that MSC are responsible for growth factors
secretion at the injected site. MSC were able to ameliorate
all the alterations induced by diabetes such as hypoalgesia,
delayed nerve conduction velocity, and decreased sciatic
nerve blood flow. Moreover, MSC transplantation was able
to normalize sural nerve morphometry restoring the axonal
circularity, decreased in diabetic rats. The same positive
effect on nerve conduction velocity amelioration was also
reported by Kim and Jin [42], using the same model of
diabetic neuropathy in mice, by injecting murine MSC into
the hind limb muscle percutaneously along the course of the
sciatic nerve at 4 sites.The improvement in nerve conduction
velocity was attributed to the ability of MSC to increase
trophic factors specific for neuronal populations in the PNS
such as nerve growth factor (NGF) and neurotrophin-3 (NT-
3). The authors did not directly assess pain.
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Figure 1: Time course of the effect of murine neural stem cells (NSCs) and human adipose derived stem cells (hASC) on thermal hyperalgesia
(a), measured by Plantar test, and mechanical allodynia, measured by Dynamic Plantar Aesthesiometer (b), in neuropathic mice. 1 × 106
NSCs/ASCs were injected intravenously 7 days after mice chronic constriction injury; their effect on pain was measured 3, 7, 14, and 21 days
after the administration. Data represent mean +/− SEM of 7 mice. The statistical analysis was performed by using the two-way ANOVA
analysis of variance followed by Bonferroni test. ∗𝑃 < 0.001 versus Sham, ∘𝑃 < 0.001 versus CCI, and #

𝑃 < 0.001 versus hASC.

3.1.2. h(Human)BMSC. TheMaione’s group is the main user
of human BMSC for treating experimental neuropathic pain.
The authors use, as model of NP, the spared nerve injury
(SNI) model in mice and administer hBMSC therapeutically,
that is, 4 days after the surgery, injecting them either in the
mouse lateral cerebral ventricle [43] or systemically into the
caudal vein [44].When intravenously injected, cells were able
to home into the spinal cord and prefrontal cortex of SNI
neuropathic mice. In both papers, hBMSC reduced pain-
like behaviors, such as mechanical allodynia and thermal
hyperalgesia, with an effect which was evident one week
after cell transplantation and was long lasting. Indeed, when
cells were injected into the caudal vein, their effect on pain
relief was still present three months after transplant. The
authors described the capacity of these cells to reduce glial
[43] and macrophage activation [44] switching to an anti-
inflammatory phenotype by decreasing the proinflammatory
cytokines (IL-1 beta and IL-17) and increasing the anti-
inflammatory cytokine IL-10 [43, 44].

The group ofWaterman [45] developed amethod to opti-
mize the anti-inflammatory effects of human bone marrow
MSC, skewing them in vitro, before their injections, towards
a protective MSC2 phenotype. These MSC demonstrated a
higher capacity to counteract mechanical allodynia and heat
hypoalgesia induced in mice by STZ treatment. These cells
were also able to decrease the serum level of proinflammatory
cytokines and were described to be safe.

3.2. Adipose Tissue Derived MSC (ASC). The great advantage
of these cells, over the other kinds of MSC, is given by the
possibility of isolating themby using low invasive procedures.
These cells are in fact located inmature subcutaneous adipose

tissue and can be obtained as litter of the fatty tissue
after liposuction; the use of this tissue allows to obtain a
large amount of MSC thus reducing, in some cases, the
need of ex vivo culturing, leading eventually to lower the
risk of developing chromosomal abnormalities due to the
culture itself. Moreover, these cells are characterized by low
immunogenicity and by high immunomodulatory properties
which make them suitable for treating diseases in which the
neuroinflammatory component plays a crucial role, such as
NP. Not least these cells might be easily used for autologous
transplant. Despite the high potential of these cells, their use
for experimental neuropathic pain treatment is still limited.
Our paper, recently published [46], was the first to assess
the antinociceptive effect of hASC isolated from human
adipose tissue of female donors undergoing plastic surgery.
This paper is a complete work in which safety, antinociceptive
effects, and biochemical changes induced by these cells were
assessed. hASC were in vitro expanded [47, 48] and, after
karyotype assessment, were injected into the caudal vein of
neuropathic mice (CCI mice). Cells were injected, with a
therapeutic intent, seven days after the surgery, in presence
of a fully developed thermal hyperalgesia and mechanical
allodynia. We clearly demonstrated a rapid, long lasting,
and dose dependent antihyperalgesic and antiallodynic effect
which could be reestablished with a second dose of cells
when it began to vanish. The intravenous injection of 1 × 106
hASCs was able to completely abolish thermal hyperalgesia
starting one day after the injection [46]. The effects of
hASCs on thermal hyperalgesia seem to be more potent
than those of NSC [10]. In fact, as shown in Figure 1(a),
the withdrawal thresholds of hASC treated mice were overall
higher than those of NSC treatedmice, and 7 days after hASC
injection thermal hyperalgesia was completely abolished,
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while, for allodynia, a comparable effect of the two cells is
evident (Figure 1(b)). The effect on pain relief well correlates
with a general systemic and injured nerve localized anti-
inflammatory effect of hASC. In fact, a significant increase
of IL-10 serum concentration is already evident 1 day after
hASC treatment; moreover at nerve site, the protein levels
of IL-1, increased by the pathology, appeared normalized 1
day after the hASC injection, while the anti-inflammatory
cytokine IL-10, decreased by CCI, gradually increased until
reaching levels 3 times higher over control group [46]. The
dose response effect, described for pain, was also evident for
cytokines, indicating a clear correlation between pain relief
and anti-inflammatory effect of hASCs. If we compare the
effect on cytokines of hASC versus NSC, it is clear that the
big difference between these two cell types regard their effect
on IL-10. No changes at nerve site on IL-10 protein is evident
seven days after NSC injection while, at the same time, IL-10
is strongly increased by hASC [46].We assume that this effect,
together with the general systemic anti-inflammatory one,
could be responsible of the stronger antihyperalgesic effect
of hASC. Besides the effects induced by hASC at nerve site
we described also a normalization of the spinal cord iNOS
protein level which is evident with a full neuropathic pain
recovery. This paper clearly suggests a possible therapeutic
use of hASC for neuropathic pain treatment.

These same cells and hATSCs, human adipose tissue-
derived stem cells treated in vitro with ZnO shell nanoparti-
cles in order to improve stem cell function, were recently used
by In Choi et al. [49]; these cells, intrathecally injected, were
able to reduce the pain consequent to a spinal cord injury by
increasing the paw withdrawal thresholds to mechanical and
thermal stimuli.

3.3. Umbilical Cord-Derived Mesenchymal Stem Cells (UC-
MSC). Human umbilical cord (UC) is a promising source
of mesenchymal stem cells (MSC) and is nowadays under
researchers’ investigation. UC contains two umbilical arteries
(UCAs) and one umbilical vein (UCV), both embedded
within a specific mucous connective tissue, known as Whar-
ton’s jelly (WJ), which is covered by amniotic epithelium.
MSC can be isolated from all these compartments by using
different techniques; today it is still unclear which one is the
best compartment in UC for clinical use. UC-MSC possess
a gene expression profile similar to that of embryonic stem
cells, but their collection procedure is considered ethically
correct, and they are characterized by a faster self-renewal
rate than MSC isolated, for example, from bone marrow.
Moreover they have other attractive advantages which are
summarized here: (1) a noninvasive collection procedure for
autologous or allogeneic use; (2) a lower risk of infection;
(3) a low risk of developing teratoma; (4) multipotency, and
(5) low immunogenicity with a good immunosuppressive
ability [50]. Roh and colleagues [51] recently investigated
the therapeutic effect of transplanting human umbilical
cord blood-derived mesenchymal stem cells (hUCB-MSC)
or amniotic epithelial stem cells (hAESCs) on SCI-induced
mechanical allodynia and thermal hyperalgesia in T13 spinal
cord hemisected rats. Two weeks after SCI, hUCB-MSC or
hAESC were transplanted around the spinal cord lesion site,

and behavioral tests were performed; moreover, immuno-
histochemical and Western blot analyses were performed
to evaluate possible therapeutic effects on SCI-induced
inflammation and the nociceptive-related phosphorylation
of the NMDA NR1 receptor subunit. The authors described
only a weak antiallodynic effect of hUCB-MSC if compared
to that of hAESCs and no effect on thermal hyperalgesia
of either cell type. The antiallodynic effect of hAESCs is
associated with a decrease in spinal cord microglia activity
and NMDA receptor NR1 phosphorylation. In contrast to the
weak efficacy of hUCB-MSC on pain symptoms, the group
of Yang [52] using HUMSCs from Wharton’s jelly of the
umbilical cord transplanted into the spinal cord described a
beneficial effect for wound healing and locomotor recovery
after spinal cord injury in rats suggesting a potential use of
these cells if not for pain at least for motor recovery.

4. Bone Marrow Derived Mononuclear Cells

An improvement in experimental neuropathic pain treat-
ment was also obtained using other types of cells isolated
from bone marrow and in particular by using bone marrow
derived mononuclear cells. A paper of Klass et al. [53]
described that the infusion (1 × 107, i.v.) of rat marrow
mononuclear cells, containing mixed stem cell populations,
10 days after rat CCI, was able to induce neuropathic pain
recovery (both hyperalgesia and allodynia). The authors did
not investigate into the mechanisms involved in such mod-
ulations. Freshly isolated rat bone marrow-derived mononu-
clear cells (BM-MNCs) were also used for contrasting dia-
betes neuropathy induced in rats by STZ [54]. Cells injected
into the hind limb skeletal muscles two weeks after STZ
were able to ameliorate mechanical hyperalgesia and cold
allodynia in the BM-MNC-injected side. Furthermore, the
slowed sciatic nerve conduction velocities (MNCV/SNCV)
and decreased sciatic nerve blood flow in diabetic rats
were improved in the BM-MNC-injected side. BM-MNC
transplantation further decreased mRNA expression of NT-3
and number of microvessels in the hind limb.

5. Conclusions

In recent years, the possibility to apply stem cells for the
treatment of neuropathic pain has attracted much attention,
as demonstrated by the increasing number of preclinical
studies in the literature (Table 1).

In whole the preclinical data here reported suggest
positive effects of stem cells for relieving experimental neu-
ropathic pain. An interesting point that emerges from the
detailed analysis of the preclinical data is that peripheral
neuropathic pain seems to be more responsive to stem cell
treatment than pain arising from central lesion such as
spinal cord injury. Moreover in SCI, stem cell treatment is
not always able to positively and contemporarily affect both
pain symptoms and motor recovery, indicating that different
mechanisms can underlie the different effects.

It is important to underline that one of the main aspects
concerning stem cells usage is both their fast onset and long
lasting effect on pain relief; a single administration of cells is
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Table 1: Stem cells used for experimental neuropathic pain treatment.

Cell source Delivery site Number of cells Model of NP
and species Effect on pain Author and year

Neural stem cells

NSC (mouse) Intravenous 1, 2, 3 × 106 CCI (mouse)
Improvement of thermal
hyperalgesia and
mechanical allodynia

Franchi et al.,
2012 [10]

NSC (rat) Intrathecal 1 × 106 CCI (rat)
Improvement of thermal
and mechanical
hyperalgesia

Xu et al., 2013
[21]

NSC + OEC (rat) Injury site 3 × 105 SCI (rat)
Cotransplantation
improves sensory
function

Luo et al., 2013
[22]

NPC (mouse) Injury site 4 × 105 SCI (rat) No effect on pain
(allodynia)

Karimi-
Abdolrezaee et
al., 2010 [23]

NPC (rat) Injury site 1 × 105 SCI (rat) Induction of allodynia Hofstetter et al.,
2005 [24]

NSC (mouse) Injury site 1 × 105 SCI (rat)
Induction of thermal
and mechanical forelimb
allodynia

Macias et al.,
2006 [25]

Bone marrow
mesenchymal stem cells

MSC (rat) Intraganglionic
(DRG) 2 × 105 SLNC (rat)

Prevention of
mechanical and thermal
allodynia

Musolino et al.,
2007 [39]

MSC (rat) Injection in the hind
limb skeletal muscle 1 × 106 STZ-induced

diabetes (rat)
Improvement of
hypoalgesia

Shibata et al.,
2008 [41]

MSC (human) Lateral cerebral
ventricle 5 × 104 SNI (mouse)

Improvement of
mechanical allodynia
and thermal
hyperalgesia

Siniscalco et al.,
2010 [43]

MSC (human) Intravenous 2 × 106 SNI (mouse)
Improvement of thermal
hyperalgesia and
mechanical allodynia

Siniscalco et al.,
2011 [44]

MSC2 (human) Intraperitoneal 5 × 105, 1 × 106
STZ-induced

diabetes
(mouse)

Improvement of
mechanical allodynia
and heat hypoalgesia

Waterman et al.,
2012 [45]

Adipose tissue
derived-mesenchymal
stem cells

ASC (human) Intravenous 5 × 105, 1 × 106 CCI (mouse)
Improvement of thermal
hyperalgesia and
mechanical allodynia

Sacerdote et al.,
2013 [46]

ATSC/core shell
particle-treated
ATSC
(human)

Intrathecal Not indicated SCI (mouse)

Improvement of
mechanical allodynia
and thermal
hyperalgesia

In Choi et al.,
2013 [49]

Umbilical cord
mesenchymal stem cells

UCB-MSC
(human) Injury site 1 × 106 SCI (rat) Tendency to reduce

mechanical allodynia
Roh et al., 2013
[51]

(HUMSCs)
isolated from
Wharton’s jelly
(human)

Injury site 5 × 105 SCI (rat) Locomotor recovery Yang et al., 2008
[52]
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Table 1: Continued.

Cell source Delivery site Number of cells Model of NP
and species Effect on pain Author and year

Bone marrow derived
mononuclear cells

Marrow
mononuclear cells
(rat)

Intravenous 1 × 107 CCI (rat)
Improvement of thermal
and mechanical
allodynia

Klass et al., 2007
[53]

BM-MNC (rat)

Injected into 10 points
in the unilateral
femoral quadriceps,
femoral biceps, and
soleus muscles

1 × 106 STZ-induced
diabetes (rat)

Improvement of
mechanical and thermal
allodynia

Naruse et al.,
2011 [54]

in fact able to induce an antiallodynic and antihyperalgesic
effect which persists for long time, as it is still present up
to 90 days after injection [44]. Generally, the conventional
[8] and the newer pharmacological strategies [55, 56] for
neuropathic pain treatment need a chronic treatment to be
effective. The analgesic success of the commonly available
drugs is often limited by side effects that appear increasing
the administration dose or by the development of tolerance
[8]. Moreover, in order to successfully approach this type
of pain, patients often are treated with a combination of
drugswith differentmechanisms of action, increasing the risk
of drug interaction and often reducing patient’s compliance
[9]. A more long lasting effect for some type of neuropathic
pain such as low back pain or disk herniation can eventually
be achieved by surgical approaches or epidural treatment,
obviously exposing the patients to all the risks of the surgery.
The clamorous effect of stem cells on pain relief in the
preclinical tests may be related to their capacity to not only
control pain as a symptom, but to act as disease modifier
on the mechanisms at the basis of the development and
maintenance of pain condition, for example, modulating
the neuroimmune component which plays a relevant role
in neuropathic pain. Despite these positive and encourag-
ing considerations, there are many issues that need to be
addressed and solved for a successful clinical translation.
These points are well summarized in the review by Bonfield
and Caplan [57] and include the classification of the cells,
their efficacy and potency, their mode of administration,
their dosage and their source, together with the final goal
of the analysis, and the tracking of the stem cell. Among
these, as emerged in this review, the route of administration
of stem cells represents an important variable which may
also influence the choice of the final number of cells to be
injected. Strategies for local stem cell delivery can be applied
to the treatment of well localized lesions but are, however,
described to increase risks and side effects such as bleeding
and tissue injury [58]; certainly, froma clinical point of view, a
systemic delivery is attractive, given the broad biodistribution
and easy access. On the other hand, we have to point out
that this route is, in some cases, associated with a passive
cell entrapment within tissues that do not represent the main
target of treatment, which may potentially lead to unwanted

effects andmay be eventually associated to a reduced effect of
the cells. The homing of stem cells after a systemic injection
represents in fact a much debated topic. In our first paper we
described the capacity of stem cells to specifically reach the
damaged nerve [10]. Although we observed a low transplant
efficiency, we did not find the cells into other critical tissues
such as lungs. AlsoMaione’s group [44] reported the ability of
MSC to home central nervous system areas critically involved
in NP signaling describing only a scarce presence of stem
cell in the lungs. In general, however, other papers report
a marked lung first passage effect of the cells which limits
the number of cells which can reach the area of injury [59–
61]. Overall the literature agrees with the general idea that
stem cells, even in a limited number, can interact with the
host cells and orchestrate a long lastingmodulation resulting,
most of the times, in a final beneficial therapeutic effect
[10, 44, 58]. Another strictly related question is the toxicity
and the possible malignant transformation and cytogenetic
aberrations of stem cells. The literature quite agrees on the
safety of stem cells [62, 63] but by a careful analysis of the
preclinical papers reported here, it emerges that this aspect
has not been specifically or adequately considered. In our
work [46] we injected different doses of hASC reaching the
highest dose of 6 × 106 cells/mice and we did not register
any macroscopic adverse effect: no animal died or changed
its habits/behaviour and no side effects have been observed.
The safety of a similar dose of hASC intravenously infused in
animals and humans was also described by Ra and colleagues
[64]; the authors did not register any side effect or tumor
mass formation in the three months after cell infusion. Also
the paper by Waterman et al. [45] described no premature
mortality or morbidity due to MSC treatment and the
necropsy of the cell treated animals revealed no macroscopic
pathology of any of the major organs. In contrast, Djouad
and colleagues [65] described an increase of tumor formation
in animals likely due to the immunosuppressive effects of
MSC, rather than to a direct transformation of stem cells in
tumor cells. Even though, as discussed, there are still many
open points that need better understanding, a clear trend to
clinical use of stem cells also in treating pain is apparent, as
demonstrated by a very recent and scientifically sound paper
[66] that reported a preliminary human study in which the
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autologous administration of adipose derived stem cells in
the facial tissue was able to attenuate orofacial neuropathic
pain symptoms. The cells were injected perineurally directly
into the center of origin of pain and in the adjacent pain field
of the affected branches of the trigeminal nerve. The effect
of the treatment was evident 6 months after cell injection
and cells were described to be safe, well tolerated by the
patients, and accompanied by a significant reduction of
analgesic drug doses. What is clear is that the research on
stem cells is evolving; newly discovered populations of stem
cells begin to be characterized and used in the regenerative
medicine. The bioactive molecules that can be released by
these same stem cells are starting to be identified and are
likely effectors/candidates for the therapeutic effect. As an
example the beneficial role of the medium conditioned by
MSC for improving motor recovery was recently described
[67]. Finally several reports indicate that the regenerative
[68] and immunomodulatory [69] effects of MSC can be
partially reproduced by themicrovesicles (MVs) that are shed
by activated MSC and that can be isolated from their culture
medium [69]. On the basis of these considerations it is to be
expected that the panorama of neuropathic pain treatment
will change again shortly.
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Purpose. In our previous study, ceftriaxone, a beta-lactam antibiotic, elicited antinociceptive effects in the chronic constriction
injury (CCI) of neuropathic pain. In this study, we assessed apoptosis and oxidative stress in the spinal cord of neuropathic rats
treated with ceftriaxone. Methods. 45 male Wistar rats were divided as näıve, sham, normal saline-treated CCI rats, and CCI
animals treated with the effective dose of ceftriaxone. Involvement of Bax, Bcl2, and caspases 3 and 9, important contributors
of programmed cell death (apoptosis), was determined using western blotting at days 3 and 7. The markers of oxidative stress
including malondialdehyde (MDA) and reduced glutathione (GSH) were measured on days 3 and 7. Results. Increased Bax/Bcl2
ratio and cleaved active forms of caspases 3 and 9 were observed in the spinal cord of CCI rats on day 3. Ceftriaxone attenuated
the increased levels of Bax and cleaved forms of caspases 3 and 9, while it increased Bcl2 levels. Bax and active forms of caspases
declined by day 7. Consequently, comparison among groups showed no difference at this time. CCI enhanced MDA and decreased
GSH on days 3 and 7, while ceftriaxone protected against the CCI-induced oxidative stress. Conclusion. Our results suggest that
ceftriaxone, an upregulator/activator of GLT1, could concomitantly reduce oxidative stress and apoptosis and producing its new
analogs lacking antimicrobial activity may represent a novel approach for neuropathic pain treatment.

1. Introduction

Nerve injury induced chronic pain, often referred as neuro-
pathic pain, is caused by a primary lesion in both central
and more frequently peripheral nervous systems and is a
challenging condition to treat [1]. Molecular mechanisms
involved in this pathological chronic pain syndrome have
currently been an area of much interest.

Excitotoxicity via elevated excitatory neurotransmitters
(glutamate and aspartate) has been associated in different
kinds of pain such as neuropathic pain [2]. In recent years,
different studies have pointed out the role of apoptosis in

neuropathic pain. In a study by de Novellis et al., apoptotic
pathways were activated in rat spinal cord of sciatic nerve
chronic constriction injury (CCI), and the early overexpres-
sion of proapoptotic genes and morphological changes in
dorsal horn were prevented by blockade of glutamate mGlu5
receptors [3]. Afrazi et al. reported that diabetes-induced
hyperalgesia in rats was attenuated by neurosteroid, allopreg-
nanolone through inhibiting caspase-3 and decreased ratio
of Bax to Bcl2 [4]. Moreover, numerous studies revealed that
oxidative stress plays an important role in neuropathic pain
[5, 6]. Considering that extra levels of glutamate lead to a
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number of deleterious effects, including excessive activation
of central glutamate receptors, impairment in buffering of
calcium, production of free radicals by lipid peroxidation,
secondary excitotoxicity, and cell death following neuro-
pathic pain maintaining low extracellular glutamate, is very
important [7, 8]. Glutamate hemostasis is performed via
high affinity transporters in which GLT 1 is the predominant
subtype and accounts for clearance of the bulk of released glu-
tamate. Downregulation of glutamate transporters is thought
to be very important in various experimental neuropathic
painmodels [9]. Recently, ceftriaxone a third generation beta-
lactam antibiotic has been discovered to have neuroprotective
effects in various in vitro and in vivo studies [10, 11]. The pre-
cise primary molecular mechanism of ceftriaxone is thought
to be mediated by the increased expression and activation
of GLT1 in the CNS [11–13]. We and others have previously
reported that ceftriaxone could attenuate pain behaviors of
rats subjected to the CCI model of neuropathic pain [14,
15]. If apoptosis process and oxidative stress were linked
to excitotoxicity, then treatment with ceftriaxone would be
predicted to reverse spinal cord protein changes involved in
the apoptosis and oxidative stress following CCI.

Therefore, the aim of the present study was to determine
time course of changes in the spinal cord levels of apoptosis-
related proteins. Bax, a promoting factor, Bcl2, which can
prevent apoptosis, caspase-9, the initiator caspase for the
activation of downstream caspases, and caspase-3, a factor
in downstream of several apoptotic pathways [16], were
analyzed with western blotting on days 3 and 7 after CCI. To
study whether treatment with ceftriaxone was able to show
antioxidant activity, we assessed spinal cord levels of MDA,
the last product of lipid peroxidation [17] and glutathione,
the major sulfhydryl (-SH) antioxidant, and enzyme cofactor
[18], in 3 and 7 days in CCI rats.

2. Materials and Methods

2.1. Animals. Adult male Wistar strain rats weighing 220–
270 g at the time of surgery were used in this experiment
and randomly gathered from the animal room of the School
of Pharmacy, Mashhad University of Medical Sciences, Iran.
The animals were housed under standard environmental
conditions (12-12 h light/dark cycle at 22∘C). Rat chow and tap
water were available ad libitum. The experimental protocol
was approved byMashhadUniversity ofMedical Sciences and
performed in accordance with the Internationally Accepted
Principles for Laboratory Animal Use and Care [19].

2.2. Drugs and Solutions. Ceftriaxone (Jaber Ebne Hayyan
Pharmaceutical Co., Tehran, Iran) was dissolved in normal
saline solution (0.9% NaCl) and intraperitoneally injected at
the dose of 200mg/kg. Ceftriaxone administration started
when CCI was induced and continued for 7 consecutive
days. Ketamine and xylazine (Alfasan Pharmaceutical Co.,
Woerden, Holland) were intraperitoneally injected at doses
of 64 and 1.6mg/kg, respectively.

2.3. CCI Surgery of Sciatic Nerve. At first, rats were anaes-
thetized with a cocktail of ketamine and xylazine. Mononeu-
ropathy was induced by performing chronic constriction
injurymodel on the left sciatic nerve of animals in accordance
with the method of Bennet and Xie [20]. After the incision of
the skin, the sciatic nerve was exposed and four ligatures of
4-0 gauge chromic catgut were tied loosely with an interval
of 1mm, until a slight twitching was observed in the expected
hind paw. Finally, muscle and skin were separately sutured
with 4-0 silk catgut and animals were placed in a warm
condition until recovery. Rats in the sham group had their
sciatic nerve exposed but not ligated.

2.4. Study Protocol. Based on our previous study, CCI led to a
significant development of mechanical allodynia (4.3 ± 0.6 g
versus 53 ± 6.7 g) and cold allodynia (73.3 ± 8.4% versus 8 ±
4.9%) on day 3 in comparison to sham group, as revealed by
von Frey hairs and acetone drop, respectively. Pain behaviors
progressively increased during the study on days 5 and 7. In
that study, mechanical and cold allodynia were significantly
attenuated by the dose of 200mg/kg of ceftriaxone on days 3
and 7 [14]. Accordingly the effective antinociceptive dose of
ceftriaxone (200mg/kg) was chosen in this study.

In the present study, to examine the time course of
changes in apoptosis-related proteins and oxidative stress
markers (MDA andGSH) in the spinal cord of CCI rats, three
animals from each group were harvested on postoperative
day 3 or day 7 after the behavioral tests. Hence, 54 rats
were randomly assigned into the following groups. (1, 2) The
animals were subjected to CCI surgery, treated with normal
saline (NS) at a dose of 1mL/kg, and killed on day 3 or
day 7 for evaluation of apoptotic factors (𝑛 = 3). (3, 4)
In sham group, the animals underwent a similar surgery
except that sciatic nerves were not ligated and treatedwith the
normal saline and killed on day 3 or day 7 for evaluation of
apoptotic factors (𝑛 = 3). (5, 6) CCI animals were treatedwith
ceftriaxone (200mg/kg, administered at a dose of 1mL/kg)
for seven days and killed on day 3 or day 7 for evaluation of
apoptotic factors (𝑛 = 3). (7, 8)The CCI animals were treated
with NS and killed on day 3 or day 7 for evaluation of MDA
(𝑛 = 3) and GSH (𝑛 = 3). (9, 10) Sham-operated animals
were killed on day 3 or day 7 for evaluation of MDA (𝑛 = 3)
and GSH (𝑛 = 3). (11, 12) CCI animals were treated with
ceftriaxone (200mg/kg) for seven days and killed on day 3
or day 7 for evaluation of MDA (𝑛 = 3) and GSH (𝑛 = 3). (13)
Näıve animals were killed for evaluation of apoptotic factors
(𝑛 = 3), MDA (𝑛 = 3), and GSH (𝑛 = 3) contents.

For the protein extraction, the lumbar spinal cord was
rapidly ejected from the vertebral columnusing a saline-filled
syringe and then separated on dry ice. Lumbar (L4 and L5)
segments were excised to measure apoptotic and oxidative
stress markers considering that these segments are the major
contributor to the sciatic nerve [19].

2.5. Western Blotting. At the time of experiment, samples
were homogenized in the lysis buffer containing 50mM
Tris-HCl (pH: 7.4), 2mM EDTA, 2mM EGTA, 10mM
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NaF, 1mM sodium orthovanadate (Na3VO4), 10mM 𝛽-
glycerophosphate, 0.2% W/V sodium deoxycholate, 1mM
phenylmethylsulfonyl fluoride (PMSF), and complete pro-
tease inhibitor cocktail (Roche, Mannheim, Germany). The
homogenate was sonicated on ice with three 10 sec bursts
at high intensity with a 10 sec cooling period between each
burst. The samples were centrifuged at 10,000 g for 10min at
4∘C. After determining protein content by Bradford assay kit
and adjusting the protein content [20], each adjusted sample
was mixed 1 : 1 v : v with 2x SDS blue buffer, boiled, aliquoted,
and kept in the −80∘C freezer.

100 micrograms of each protein extracts was separated
on a 12% sodium dodecyl sulfate-polyacrylamide gel (SDS-
PAGE) by electrophoresis and transferred onto polyvinyli-
dene fluoride (PVDF) membranes. Then, blots were blocked
with 5% skim milk in TBST (20mM Tris-HCl pH 7.6,
137mM NaCl, and 0.05% Tween-20) at 4∘C overnight.
Mouse monoclonal anticaspase-9 (cell signaling number
9508, 1 : 1000), rabbit polyclonal anticaspase-3 (cell signal-
ing number 9665, 1 : 1000), rabbit polyclonal anti-Bax (cell
signaling number 2772, 1 : 1000), rabbit polyclonal anti-Bcl2
(cell signaling number 2870, 1 : 1000), and rabbit polyclonal
anti-𝛽-actin antibodies (cell signaling number 4967, 1 : 1000)
were used as a primary antibody with incubation time of
about 1-2 hours at room temperature, washing three times
with TBST and 1-hour incubation by rabbit horseradish
peroxidase-conjugate anti-rabbit IgG (cell signaling number
7074, 1 : 2000) or anti-mouse IgG (cell signaling number 7076,
1 : 2000). Enhanced chemiluminescence (Pierce) was used
to visualize the peroxidase-coated bands and Alliance 4.7
Gel Doc (UK). Densitometric analysis for protein bands was
performed using UVtec software (UK). The protein levels
were normalized against 𝛽-actin intensity.

2.6. Measurement of MDA Levels in the Spinal Cord of
Animals. Estimation of lipid peroxidation was performed
by measuring the thiobarbituric acid reactive substances as
described previously [21]. At the time of experiment, each
sample was weighed and homogenized in 1.15% potassium
chloride solution. Then, 3mL phosphoric acid (1%) and
1mL TBA (0.6%) were added to 0.5mL of homogenate in
a centrifuge tube and the mixture was heated for 45min
in a boiling water bath. After cooling, 4mL n-butanol was
added to the mixture and vortex mixed for 1min followed by
centrifugation at 3000 rpm for 15 minutes. The organic layer
was transferred to a fresh tube and the absorbance of pink
colored product was read at 532 nm. A set of MDA standards
was freshly prepared and the standard curve was constructed.
The results were expressed as the nmol of malondialdehyde
formed per mg of protein.

2.7. Measurement of GSH Levels in the Spinal Cord of Animals.
Total SH groups belonging to GSH were measured using
DTNB (2,2-dinitro-5,5-dithiodibenzoic acid) as the reagent.
This reagent reacts with the SH groups to produce a yellow
colored complex with a peak absorbance at 412 nm. Briefly,
a 10% tissue homogenate in buffer phosphate 7.4 was mixed
with an equal volume of 10% trichloroacetic acid (TCA) and

vortexed.The contents were then centrifuged at 5000 rpm for
10min. Subsequently 500𝜇L of supernatant was mixed with
a reaction mixture containing 2.5mL 0.1M phosphate buffer
(pH 8.4) and 0.5mL DTNB. Within 10min, the absorbance
was measured at 412 nm using a spectrophotometer. A set
of GSH standards was freshly prepared using commer-
cially available standard GSH (Sigma Chemicals, USA) and
the standard curve was constructed. Levels of GSH were
expressed as nmol/mg protein [22].

2.8. Statistics. Data were expressed as means ± SEM and
statistically analyzed by one-wayANOVA followed byTukey’s
post hoc tests, using SPSS version 13. A 𝑃 value of < 0.05 was
considered to be significant.

3. Results

3.1. Bax and Bcl2 Protein Levels. To analyze the amount
of the apoptotic proteins, a relative protein ratio to näıve
animals was used. The results of western blotting analysis
indicated that lumbar spinal cord levels of the proapoptotic
protein, Bax increased within 3 days following sciatic nerve
CCI (control group), as compared to naı̈ve and sham groups,
while a slight but not significant decrease in the level
of antiapoptotic protein, Bcl2 was observed (Figure 1(a)).
Therefore, a significantly higher level of Bax/Bcl2 ratio was
obtained in the spinal cord of CCI animals in comparison
to naı̈ve and sham groups (𝑃 < 0.05) on day 3 after surgery
(Figure 1(b)). Whereas, there was no significant difference in
the levels of proteins between sham and näıve animals treated
with ceftriaxone. In NS-CCI animals, protein levels of Bax
decreased andBcl2 increased on day 7 afterCCI. Accordingly,
there was no significant difference between Bax/Bcl2 ratio of
control group and that of sham and näıve groups (Figures 1(c)
and 1(d)). CCI animals treated with 200mg/kg of ceftriaxone
(once daily, for 7 days) showed a significant increase in the
levels of antiapoptotic protein, Bcl2, and decreased contents
of Bax protein on day 3 after CCI, resulting in a significant
reduction in the Bax/Bcl2 ratio as compared to control group
(𝑃 < 0.05). No significant difference was observed in the
Bax/Bcl2 ratio between ceftriaxone treated animals and that
of control group on day 7 (Figure 1).

3.2. Caspase-9 Protein Levels. Our data showed that therewas
no significant difference in the levels of procaspase-9 protein
between sham and näıve animals treated with ceftriaxone.
The expression of procaspase-9 increased on day 3 after CCI
when compared to that of the sham and näıve groups (𝑃 <
0.01). A significant increase in the activated cleaved forms
of 37 kDa and specially 35 kDa species was observed 3 days
after the CCI as compared to that detected in the sham and
näıve groups (𝑃 < 0.01) (Figures 2(a) and 2(b)). In CCI rats
who received 200mg/kg ceftriaxone (once daily, for 7 days)
contents of procaspase-9 (𝑃 < 0.05) as well as activated forms
(𝑃 < 0.01) decreased after 3 days of sciatic nerve injury
(Figures 2(a) and 2(b)).

Levels of procaspase-9 decreased from day 3 to day 7 after
surgery in normal saline CCI animals and activate cleaved
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Figure 1: Effect of ceftriaxone on the spinal cord protein levels of Bax (21 kDa) and Bcl2 (26 kDa) and relative density of Bax/Bcl2, following
western immunoblotting on days 3 (a and b, resp.) and 7 (c and d, resp.) after CCI. Administration of ceftriaxone (Cef 200mg/kg, i.p.) started
when CCI was induced and continued for 7 successive days. The semiquantitative analysis of protein levels was carried out by the “Gel Doc
2000 UV System” (Alliance 4.7). Each lane was loaded with 100𝜇g of proteins. 𝛽-actin is the loading protein control. Data are mean ± SEM
(𝑛 = 3/group). One-way ANOVA followed by Tukey’s post hoc test was used for multiple comparisons. #

𝑃 < 0.05 difference between CCI-NS
and sham/naive groups. ∗𝑃 < 0.05 CCI-Cef versus NS-CCI group (control).

forms of caspase-9 were no longer detected by day 7. As a
result, no significant difference was observed among groups
at this time (Figures 2(c) and 2(d)).

3.3. Caspase-3 Protein Levels. On day 3 after surgery,
procaspase-3 protein levels increased in the spinal cord of
normal saline-treated CCI animals (control group), although
not to a significant extent. Cleaved formof the protein (17 kD)
was significantly increased in control group as compared

to naı̈ve and sham groups (𝑃 < 0.05) (Figures 3(a) and
3(b)). Despite the fact that there is no significant difference
between the relative density of procaspase-3 in CCI rats
and ceftriaxone treated animals, activated forms of caspase-
3 were significantly attenuated by ceftriaxone (200mg/kg), as
compared toCCINS-treated rats (𝑃 < 0.05) (Figures 3(a) and
3(b)). Activated cleaved forms of caspase-3 were no longer
detected by day 7. Accordingly, no significant difference was
observed among groups at this time (Figures 3(c) and 3(d)).
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Figure 2: Effect of ceftriaxone on the spinal cord protein levels of procaspase-9 (47 kDa) and cleavage products (37 and 35 kDa) and relative
density following western immunoblotting on days 3 (a and b, resp.) and 7 (c and d, resp.) after CCI. Administration of ceftriaxone (Cef
200mg/kg, i.p.) started when CCI was induced and continued for 7 successive days.The semiquantitative analysis of protein levels was carried
out by the “Gel Doc 2000 UV System” (Alliance 4.7). Each lane was loaded with 100𝜇g of proteins. 𝛽-Actin is the loading protein control.
Data were mean ± SEM (𝑛 = 3/group). One-way ANOVA followed by Tukey’s post hoc test was used for multiple comparisons. ##

𝑃 < 0.01
difference between CCI-NS and sham/naive animals. ∗𝑃 < 0.05, ∗∗𝑃 < 0.05 CCI-Cef versus NS-CCI group (control).

3.4. Malondialdehyde Levels. As indicated in Table 1, at day 3
after operation, there was a significant increase in the spinal
cord MDA levels following CCI in animals that received
normal saline as compared with naı̈ve (𝑃 < 0.05) and sham-
operated groups (𝑃 < 0.01). Levels of MDA remained high

on day 7 after CCI. Seven days of treatment with ceftriaxone
resulted in a significant reduction in the free radical-mediated
lipid peroxidation on days 3 and 7 as indicated by the
decreased levels of MDA compared to CCI saline-treated
group (𝑃 < 0.05).
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Figure 3: Effect of ceftriaxone on the spinal cord protein levels of procaspase-3 (37 kDa) and cleavage product (17 kDa) and relative density
following western immunoblotting on days 3 (a and b, resp.) and 7 (c and d, resp.) after CCI. Administration of ceftriaxone (Cef 200mg/kg,
i.p.) started when CCI was induced and continued for 7 successive days.The semiquantitative analysis of protein levels was carried out by the
“Gel Doc 2000 UV System” (Alliance 4.7). Each lane was loaded with 100𝜇g of proteins. 𝛽-Actin is the loading protein control. Data were
mean ± SEM (𝑛 = 3/group). One-way ANOVA followed by Tukey’s post hoc test was used for multiple comparisons. #

𝑃 < 0.05 difference
between CCI-NS and sham/naive animals. ∗𝑃 < 0.05 CCI-Cef versus NS-CCI group (control).

3.5. Glutathione Levels. After 7 days of CCI, GSH levels were
significantly decreased in the spinal cord of animals receiving
normal saline, in relation to that of the sham and näıve groups
(𝑃 < 0.01). Ceftriaxone significantly increased antioxidant
power by a significant increase in the levels of GSH on day 7
in the spinal cord of CCI animals (𝑃 < 0.05) (Table 1).

4. Discussion

Antinociceptive effects of ceftriaxone have been shown in
our previous study [14]. GLT1 upregulation and activation

are assumed to be the main mechanisms of neuroprotective
effects of ceftriaxone in various experimental models includ-
ing neuropathic pain [7, 11, 12, 15]. In the present study, the
time course alterations in apoptosis markers (Bax : Bcl2), as
well as caspases 3 and 9, were evaluated on days 3 and 7
after CCI. We also measured oxidative markers, MDA and
GSH, in the lumbar spinal cord of animals on the 3rd and
7th days after CCI. On day 3, after operation, CCI induced
elevated level of Bax protein, while a slight decrease was
observed in the Bcl2 protein level. Therefore, a significant
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Table 1:The effect of intraperitoneal ceftriaxone (200mg/kg) on the levels of malondialdehyde (MDA) and glutathione (GSH) in the lumbar
spinal cord of 3- and 7-day CCI rats. Animals were treated with ceftriaxone for 7 days and administration started when CCI was induced. Data
are presented as mean ± SEM (𝑛 = 3). One-way ANOVA followed by Tukey’s post hoc test was used for multiple comparisons. ##𝑃 < 0.01,
#𝑃 < 0.05 difference between CCI-NS and sham/naive animals. ∗𝑃 < 0.05 CCI-Cef group versus NS-CCI group (control).

Control group (normal
saline CCI rats) Sham group Naive group (intact rats with

daily 200mg/kg ceftriaxone)
Treated group (CCI rats with
daily 200mg/kg ceftriaxone)

MDA (nmol/mg protein)
Day 3 12.9 ± 2.5## 4.3 ± 0.23 4.7 ± 0.23 5.9 ± 1.2∗

Day 7 10.7 ± 2.1# 3 ± 0.16 3.1 ± 0.17 4.5 ± 1.2∗

GSH (nmol/mg protein)
Day 3 37.7 ± 10.4 49 ± 11 41 ± 3.4 42.5 ± 3.8
Day 7 33.5 ± 4.6## 55.2 ± 2.5 48.9 ± 2.3 40.6 ± 2.4∗

elevation was detected in the Bax/Bcl2 ratio in animals
subjected to CCI at this time. Bax is representative apoptotic
protein in the Bcl2 family and responsible for the subsequent
activation of caspases and cell apoptosis. Indeed, the ratio
of Bax to Bcl2 can determine the susceptibility of cells to
cell death. A functional imbalance between proapoptotic
Bax and antiapoptotic Bcl2 has been implicated following
chronic constriction of sciatic nerve in rats [23]. As there
was not a significant difference between apoptotic protein
levels of näıve animals treated with ceftriaxone relative
to those of sham-operated animals, it could be suggested
that ceftriaxone has no direct effect on apoptotic proteins.
However, ceftriaxone reduced Bax and increased Bcl2 levels
in CCI animals and as a result a significant decrease was
detected in the Bax/Bcl2 ratio of spinal cord in the sciatic
nerve CCI rats on postoperative day 3. In this study, we found
a significant induction of cleaved forms of caspases 3 and 9 on
day 3 after CCI followed by a decrease at day 7. In agreement
with this, a recent study byWu et al. showed that treatment of
CCI animals with inhibitor of caspase-3 and siRNA targeting
caspase-3 significantly inhibited the apoptosis of neurons and
the thermal hyperalgesia following sciatic nerve ligation [24].
Joseph and Levine showed that caspase signaling pathway
contributed to the pain induced in two models of painful
peripheral neuropathy [16]. In CCI animals treated with nor-
mal saline, Bax/Bcl2 ratio of spinal cord declined thereafter
on day 7. There were also no detectable cleaved forms of
caspases 3 and 9 in the spinal cord of NS-CCI animals.
Thereafter, there was no difference amongCCI-vehicle, sham,
näıve, and CCI-ceftriaxone treated groups by day 7. Our
data in the present study supports the evidence that, in the
CCI of sciatic nerve, the development of neuropathic pain
may be associated with the activation of apoptosis process
[16, 24]. However, depending on the time point of study,
there are differences in pattern of apoptosis occurrence.
As the antiapoptotic protein, Bcl2, increased in the control
group, it seems that as a modulatory mechanism apoptotic
process via mitochondria is limited to the first few days
after nerve injury which is consistent with some studies.
An early apoptosis (2-3 days after CCI) occurred transiently
by the increased ratio of Bax/Bcl2 genes in a study by de
Novellis and collogues. An inversed pattern of Bcl2 family
genes expression was detected at later stages [3]. Thus, there

was a significant lowering in Bax/Bcl2 and Bcl-Xs/Bcl-xL
ratios over time as a consequence of increased expression
of antiapoptotic Bcl2 and Bcl-xL. In a study by Costa et al.,
increase in the ratio between pro- and antiapoptotic gene
Bax/Bcl2 expression in the spinal cord of neuropathic rats
was also limited to the first few days following nerve injury
[25]. Siniscalco and coworkers revealed that the levels of Bax,
apoptotic protease-activating factor-1 (apaf-1), nestin, GFAP,
and caspase-7mRNA increased in the dorsal horn spinal cord
by 3 days after CCI. At 7 days after CCI, only overexpression
of Bcl2, nestin, and GFAP mRNA was observed [26]. In a
study by Rezende et al., expression of Bax gene and Bax
protein increased, while the expression of Bcl2 RNA was
decreased in 5 days sciatic nerve transection rats [27].

Despite the decreased levels of proapoptotic proteins after
7 days of CCI, elevated levels of MDA and decreased levels
of GSH remained in the spinal cord of 7-day CCI rats,
which was consistent with the development of behavioral
data in our previous study. Consequently, it seems that other
mechanisms other than apoptosis through mitochondrial
pathways at this time contribute to the behavioral parameters
of neuropathic pain. Moreover, the important contributory
role of oxidative stress is supported in the pathogenesis of
neuropathic pain [6, 28]. However, it might be possible that
apoptosis process again is activated after the time course of
our study. Hence, taking more stage samples such as days 10
or 14 may help to better characterize time course of apoptotic
factors activation. Treatment with ceftriaxone in CCI rats
decreased spinal cord levels of MDA and increased contents
of GSH, on days 3 and 7 after CCI, as comparedwith the vehi-
cle treated control group. It has been shown that increased
levels of glutamatewith the prevention of cysteine uptake into
the cells lead to cysteine and glutathione depletion from cells
which is subsequently accompanied by an increase in reactive
oxygen species (ROS). On the other hand, depletion of GSH
is correlated with glutamate excitotoxicity [29]. Glutamate
transporters contribute not only to the prevention of toxicity
caused by glutamate but also to the stimulation of cysteine
uptake through the cysteine/glutamate antiporter and also
generation of GSH by providing intracellular glutamate [30].

Although the exact mechanism of antioxidant and anti-
apoptotic effects of ceftriaxonewas not evaluated in our study,
it seems that ceftriaxone through different mechanisms and
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pathways shows neuroprotective effects. For example, in a
study by Sari et al., ceftriaxone reduced ethanol consumption
in an animal model of alcohol abuse; however, only the
highest doses increased the GLT1 expression. They suggested
that ceftriaxone may have additional pharmacological effects
independent of the activation and/or upregulation of GLT1
[31]. An in vitro study showed that ceftriaxone treatment
increased GSH and glutamate/cystine-antiporter levels and
suggested that neuroprotective effects of ceftriaxone might
relate more strongly to activation of the antioxidant defense
system [32]. Chu et al. revealed that ceftriaxone protected
against focal cerebral ischemia by increasing the levels of
GLT1 as well as reducing the levels of proinflammatory
cytokines (tumor necrosis factor),matrixmetalloproteinase 9
(MMP-9), and activated caspase-9 [33]. In a study by Ramos
and coworkers, ceftriaxone inhibited astrocyte activation by
downregulation of GFAP as well as upregulation of GLT1
expression, inCCI animals [34].MacAluso et al. reported that
a single dose of ceftriaxone but not cefazolin, a structurally
similar cephalosporin antibiotic to ceftriaxone, produced
analgesia in patients with painful neuropathies and mouse
models of inflammatory or postsurgical pain [35]. It has
previously been demonstrated that increased expression of
GLT1 by ceftriaxone occurs after a few days [8, 11].

5. Conclusion

Taken together, ceftriaxone as a GLT1 upregulator/activator
could concomitantly prevent lipid peroxidation and oxida-
tive stress-mediated apoptosis and activate the antioxidant
defense system with restoring the levels of GSH. Ceftriaxone
andnewdrugs that act in a similarmanner butwithout antibi-
otic properties could be a suitable approach for ameliorating
and potentially preventing a wide range of neurodegenerative
diseases caused by glutamate excitotoxicity.
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The present study examined nociceptive behaviors and the expression of phosphorylated cAMP response element-binding protein
(pCREB) in the dorsal horn of the lumbar spinal cord and the dorsal root ganglion (DRG) evoked by bee venom (BV). The
effect of intraplantar preapplication of the somatostatin analog octreotide on nociceptive behaviors and pCREB expression was
also examined. Subcutaneous injection of BV into the rat unilateral hindpaw pad induced significant spontaneous nociceptive
behaviors, primary mechanical allodynia, primary thermal hyperalgesia, and mirror-thermal hyperalgesia, as well as an increase
in pCREB expression in the lumbar spinal dorsal horn and DRG. Octreotide pretreatment significantly attenuated the BV-induced
lifting/licking response and mechanical allodynia. Local injection of octreotide also significantly reduced pCREB expression in
the lumbar spinal dorsal horn and DRG. Furthermore, pretreatment with cyclosomatostatin, a somatostatin receptor antagonist,
reversed the octreotide-induced inhibition of the lifting/licking response, mechanical allodynia, and the expression of pCREB.
These results suggest that BV can induce nociceptive responses and somatostatin receptors are involved in mediating the
antinociception, which provides new evidence for peripheral analgesic action of somatostatin in an inflammatory pain state.

1. Introduction

Somatostatin (SST) is a small neuropeptide with wide dis-
tribution in the central and peripheral tissues [1–3]. Local
administration of somatostatin or its analog octreotide
(OCT) reduces lifting/licking behaviors induced by for-
malin and capsaicin [1, 4] and mechanical hyperalge-
sia in carrageenan-induced inflammation [5]. In addition,
octreotide reduces responses to thermal stimulation in C-
mechanoheat sensitive fibers in Sprague-Dawley (SD) rats [1].
However, our previous study indicated that local adminis-
tration of octreotide did not alter paw withdrawal thermal
latency (PWTL) in arthritic Dark-Agouti rats [6]. These
inconsistent data led us to further determine the local
antinociceptive effects of octreotide.

The bee venom test is a well-established inflammatory
pain model. Subcutaneous (s.c.) injection of bee venom
solution into a hindpaw of rats and cats has been reported
to induce unique expressions of a prolonged, persistent, and
spontaneous flinching reflex (lifting and licking behaviors
indicative of pain) in a monophasic manner for 1-2 hours
followed by a profound, persistent, mechanical, and thermal
hyperalgesia in the injured site for 72–96 hours [7–9].
The bee venom (BV) test can closely mimic the compli-
cated state of clinical inflammatory pain caused by tissue
injury, which includes both spontaneous nociception and
subsequent mechanical and thermal hyperalgesia [7]. The
previous studies on the antinociceptive effect of somatostatin
or octreotide considered only spontaneous nociception or
hypersensitivity [1, 4–6]. Therefore, the inflammatory pain
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induced by BV and the local antinociceptive effects of
octreotide were observed in the present study.

The cAMP response element-binding protein (CREB)
is a transcription factor that has been implicated in the
transcriptional regulation of many genes [10]. Several studies
have shown that the activation of CREB in spinal cord dorsal
horn neurons plays a central role in the transmission of
nociceptive stimuli [11–13]. CREB phosphorylation at Ser133
has been identified as an essential trigger forCREB activation,
which leads to the transcription of a number of immediate
early genes, including those coding for the important pain-
related proteins c-Fos and cyclooxygenase-2 [10]. An increase
of phosphorylated CREB (pCREB) in the dorsal horn of the
spinal cord occurs in inflammation pain [14] and neuropathic
pain models [15, 16]. After a unilateral injection of formalin
into the hindpaw, a strong and bilateral increase of pCREB
in the spinal cord was induced [17]. In addition, intrathecal
injection of CREB antisense oligonucleotide attenuates tactile
allodynia caused by partial sciatic nerve ligation [18]. Thus,
pCREB is considered a good marker for neuronal activity
after noxious stimulation. Some dorsal root ganglion (DRG)
neurons are also pCREB-positive [17]. Accordingly, another
aim of the present study was to observe the expression of
pCREB induced by BV in the spinal cord and DRG.

2. Materials and Methods

2.1. Animals. A total of 91 male SD rats weighing 250–
300 g were used in the present study (66 for the nociception
behavior test and 25 for the immunochemistry experiment).
SD rats were provided by the Laboratory Animal Center of
Xi’an Jiaotong University School of Medicine. All procedures
were approved by the Institutional Animal Ethics Committee
of the Xi’an Jiaotong University and were in accordance with
the ethical guidelines of the International Association for the
Study of Pain. In addition, every attempt was made to mini-
mize the number of animals used. Rats were housed under a
12 h light-dark cycle with food and water available ad libitum.

2.2. Groups and Pharmacological Intervention. A volume of
50𝜇L BV (0.1mg lyophilized whole venom of Apis mellifera
(Sigma Co., St. Louis, USA) dissolved in 0.9% sterile normal
saline (NS)) was intraplantarly injected into right hindpaw
to produce nociception [19]. A concentration of 20𝜇M
octreotide diluted in 0.9%NS (Sandostatin, Novartis Pharma
Schweiz AG, Bern, Switzerland) was utilized in the present
study based on the literature [6].

SD rats were divided into five groups: (1) NS + NS
group: 60 𝜇L NS intraplantar injection followed by 50 𝜇L NS
injection as the control group; (2) NS + BV group: 60 𝜇L NS
intraplantar injection followed by 50 𝜇L BV injection as the
pain model group; (3) ipsilateral OCT + BV group: 60 𝜇L
octreotide (20 𝜇M) injection prior to the BV injection; (4)
contralateral OCT + ipsilateral BV group: 50𝜇L BV injection
into the right hindpaw after injection of 60𝜇L octreotide
into the contralateral hindpaw to determine whether the
local injection of octreotide can bring about systemic effects;
(5) c-SOM + OCT + BV group: local injection of 60 𝜇L,

128 𝜇M cyclosomatostatin (c-SOM, Sigma Co., St. Louis,
USA), a somatostatin receptor (SSTR) antagonist, before
the intraplantar injection of 60𝜇L octreotide to determine
whether the effect of octreotide was somatostatin receptor
specific. A ten-minute interval was allowed between the
applications of each drug in all groups.

2.3. Spontaneous Nociceptive Behavioral Observation. Behav-
ioral observations were carried out by the same investigator
from 9 to 11 am. All rats were habituated for 3 days before the
start of experiment.The rats were placed in a 30× 30× 30 cm3
transparent glass test box for at least 30min until their cage
exploration and grooming activities ceased.The spontaneous
nociceptive behavioral responses were quantified by counting
the number of flinches and the cumulative time (in seconds)
spent lifting and/or licking the injected hindpaw during each
5min period for 1 hour after an intraplantar injection of BV
[19, 20]. A flinch was defined as a spontaneous, rapid jerk of
the foot. Lifting indicated that the injected paw was elevated
without touching the floor. Licking meant that the injected
paw was licked or bitten.

2.4. Measurement of Persistent Mechanical and Thermal Sen-
sitivity. Mechanical sensitivity was calculated by measuring
the 50% paw withdrawal mechanical threshold (PWMT)
in response to mechanical stimuli [21] as assessed by a
set of calibrated von Frey filaments with bending force
ranging from 0.4 to 15 g (Stoelting Company, Wood Dale,
USA). Beginning with the 2.0 g filament, each filament was
applied underneath both hindpaws perpendicular to them
with enough force to cause slight buckling for 6–8 s. The
pattern of positive and negative responses was converted into
a 50% threshold using the formula given by Dixon [22].

Thermal sensitivity wasmeasured as previously described
[23]. The animals were placed in a transparent plastic box
(28 × 25 × 21 cm3) on a 3mm thick elevated horizontal glass
plate. A radiant heat stimulator (BME-410A, Beijing Sunny
Instruments Co. Ltd, Beijing, China) was placed under one
hindpaw, and the PWTL was determined to an accuracy of
0.01 s. Both hindpaws were tested. A 20 s cut-off was imposed
on the stimulus duration to prevent tissue damage. Five
stimuli were repeatedly applied to each hindpaw in turn, with
a 10min interval between applications in the same region and
5min interval between applications in different hindpaws.
The PWTL for each hindpaw was defined as the mean value
of the latter four stimuli. Based on a previous report [20], the
PWMT and PWTL on the injected side and the contralateral
hindpawwere investigated 30min prior to the injection of BV
and 2 hours after the injection.

2.5. Immunohistochemistry. SD rats were deeply anesthetized
with pentobarbital (80mg/kg, i.p.) and perfused through the
left ventricle with 200mL 37∘C warm saline followed by
400mL of 4% paraformaldehyde in 0.1M phosphate buffer
(PB, pH 7.4, 4∘C) 30min after injection of BV into one
hindpaw. The L4-L5 spinal cord segments and L5 DRG were
removed, postfixed for 24 hours in the same fixative, and then
cryoprotected overnight in 30% sucrose in PB.
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Figure 1: Effects of octreotide on lifting/licking (a) and time course (b). 𝑛 = 18 for the NS + BV and ipsilateral OCT + BV groups, and 𝑛 = 10
for other groups. ∗∗𝑃 < 0.01, compared with those in the NS + BV group. #𝑃 < 0.05, compared with those in the OCT + BV group. One-way
ANOVA tests followed by the Student-Newman-Keuls method were used to compare different treatments. NS, normal saline; BV, bee venom;
OCT, octreotide; c-SOM, cyclosomatostatin; contra, contralateral; ipsi, ipsilateral.
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Figure 2: Effects of octreotide on flinch (a) and time course (b). 𝑛 = 18 for the NS + BV and ipsilateral OCT + BV groups, and 𝑛 = 10 for
other groups. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, compared with the NS + NS group. One-way ANOVA tests followed by the Student-Newman-Keuls
method were used to compare different treatments. NS, normal saline; BV, bee venom; OCT, octreotide; c-SOM, cyclo-somatostatin; contra,
contralateral; ipsi, ipsilateral.

Tissues were cut coronally in a cryostat (Leica CM1900,
Germany) at 35 𝜇m thickness for the spinal cord and 14 𝜇m
for the DRG. One of every three sections through the L4-
L5 spinal cord segments and all the L5 DRG sections were
collected and rinsed twice in 0.01M phosphate buffer saline
(PBS). The sections were immunostained for pCREB with
the avidin-biotin-peroxidase (ABC)method [24]. After being
pretreated with 0.3% H

2
O
2
for 10min and 5% normal goat

serum (NGS) for 1 hour at room temperature, sections were
incubated with the primary antibody, anti-pCREB (1 : 100,
Cell Signaling Technology, Inc., Beverly, MA, USA), in 5%
NGS for 48 hours at 4∘C. Subsequently, the sections were
incubated overnight with biotinylated goat anti-rabbit IgG
at 4∘C and further processed using avidin biotin peroxidase
complex (ABC, ZhongshanBiotechnologyCO., LTD, Beijing,
China) according to the instructions of the manufacturer.
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Figure 3: The PWMTs. (a) The ipsilateral pre- and postinjection PWMTs in the NS + BV group. A paired t-test was used to compare the
PWMTs between pre- and postinjection. (b) The PWMT of the ipsilateral hindpaw after injection of different drugs. One-way ANOVA tests
followed by the Student-Newman-Keuls method were used to compare different treatments. 𝑛 = 18 for the NS + BV and ipsilateral OCT
+ BV groups, and 𝑛 = 10 for the other groups. &&𝑃 < 0.01, compared with preinjection in the same hindpaw; ∗∗𝑃 < 0.01, compared with
the NS + NS group; ##𝑃 < 0.01, compared with the NS + BV group. PWMT, paw withdrawal mechanical threshold; BV, bee venom; OCT,
octreotide; ipsi, ipsilateral hindpaw; contra, contralateral hindpaw.

Between each step, the tissue was rinsed at least 3 times in
0.01M PBS containing 0.3% Triton X-100 for at least 10min
each. Then, the sections were incubated with 0.02% 3,3-
diaminobenzidine (DAB, Zhongshan Biotechnology CO.,
LTD, Beijing, China) for 5–10min. Finally, the sections were
mounted onto gelatin-coated glass slides and allowed to air
dry. To observe whether pCREBwas located in neurons of the
DRG, the sections were restained by Nissl’s staining method.
All sections were then dehydrated through a graded alcohol
series, cleanedwith dimethylbenzene, and cover-slippedwith
neutral balsam.

All sections were observed under a lightmicroscope (BX-
60; Olympus, Tokyo, Japan). Images were captured using
a SensiCam digital camera and imported into SigmaScan
Pro Image Analysis Software (SPOT-Insight QE, Diagnostic
Instruments Inc., SterlingHeights,MI,USA). To discriminate
positive immunostaining from the background, the cells
showing a staining twice as intense as the average background
were considered positive for pCREB immunoreactivity. In the
control experiments, the primary antibodies were replaced
with 5%NGS; no positive staining for the replaced antibodies
was detected. Four to five random sections from the L4-L5
spinal cord and the L5 DRG were counted and averaged for
each animal, and five animals were included in each group
[25–27]. Every positive cell was counted in lamina I–VI in the
spinal cord. The percentage of neurons stained with pCREB
in the DRG was determined by counting the total number of
positive neuronal profiles and the total number of neuronal
profiles in each section.

2.6. Statistical Analysis. All data are presented as the means
± SEM. One-way ANOVA tests followed by the Student-
Newman-Keuls method were used to compare differences

between the five treatment groups. Paired t-tests were used to
compare the differences in PWMT and PWTL between pre-
and postinjection of BV in the same hindpaw. All analyses
were performed with SigmaStat 2.0 software. 𝑃 < 0.05 was
considered to be statistically significant.

3. Results

3.1. Effects of Octreotide on Spontaneous Nociceptive Behaviors
Induced by BV. Intraplantar injection of BV produced a
prompt, tonic nociceptive response characterized by flinches
and continuously lifting/licking of the injected hindpaw for
approximately 1 hour. In the control group, there were few
flinches observed in the first 5min, and no lifting/licking
occurred.

Compared with the NS + BV group, the cumulative time
spent lifting/licking over 1 hour in the ipsilateral OCT +
BV group was significantly shorter (391.4 ± 36.9 s versus
658.2 ± 60.0 s, 𝑛 = 18, 𝑃 < 0.05, Figure 1(a)). In addition,
there are significant differences between the NS + BV
and ipsilateral OCT + BV groups at the 5-, 10-, 15-, and
20-minute time points after injection of BV (Figure 1(b)).
To exclude the systemic effect of OCT, the same dose
of the drug was subcutaneously preadministered in the
contralateral hindpaw of the BV-treated side. Contralateral
pretreatment with OCT did not affect BV-evoked nociceptive
lifting/licking duration (586.9±63.4 s 𝑛 = 10, Figure 1(a)). To
illustrate the effect of OCT by activation of the somatostatin
receptor, the specific antagonist cyclosomatostatin (c-
SOM) was applied 10min before OCT and it reversed the
antinociceptive effects of OCT on lifting/licking responses
(547.6 ± 35.5 s 𝑛 = 10, Figure 1(a)).

Similar to other studies [20, 23, 28], intraplantar injection
of BV evoked tonic nociceptive flinching behavior with an
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Figure 4:The PWTL. (a)The ipsilateral pre- and postinjection PWTLs in theNS + BV group. A paired t-test was used to compare the PWTLs
between pre- and postinjection. (b) The PWTL of the contralateral hindpaw in the NS + BV group. A paired t-test was used to compare the
PWTLs between pre- and postinjection. (c) The ipsilateral postinjection PWTLs of the five different treatment groups. One-way ANOVA
tests followed by the Student-Newman-Keuls method were used to compare different treatments. 𝑛 = 18 for NS + BV and ipsilateral OCT +
BV groups, 𝑛 = 10 for the other groups. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01, compared with the preinjection in the same hindpaw; #𝑃 < 0.05; ##𝑃 < 0.01,
compared with the ipsilateral postinjection in the NS + NS group. PWTL, paw withdrawal thermal latency; BV, bee venom; OCT, octreotide;
ipsi, ipsilateral hindpaw; contra, contralateral hindpaw.

average of 280.7 ± 28.3 times in 1 hour. Both total flinches
in 1 hour and number of flinches at every time point
after injection are visually smaller in the ipsilateral OCT +
BV group than in the NS + BV group. However, neither
cumulative flinches in 1 hour (222.9±23.4 versus 286.4±17.0,
𝑃 > 0.05, Figure 2(a)) nor the number of flinches in each
5min period was significantly different in the ipsilateral OCT
+ BV group compared with the NS + BV group (Figures 2(a)
and 2(b)).

3.2. Effects of Octreotide on BV-InducedMechanical Allodynia.
At 2 hours after intraplantar injection of BV, the PWMTs
dramatically decreased in the injected hindpaw from 10.89 ±
0.97 g to 4.51 ± 0.80 g, suggesting the occurrence of primary
mechanical hyperalgesia (𝑛 = 18, 𝑃 < 0.01, Figure 3(a)).
There was no significant difference between the preinjection

and postinjection PWMTs in the contralateral side (11.52 ±
0.87 g versus 11.32±0.94 g). In theNS+NS group, the PWMT
did not change significantly after NS injection (ipsilateral:
10.66±1.21 g versus 10.37±1.37 g; contralateral: 10.48±1.12 g
versus 10.83 ± 1.40 g; 𝑛 = 10, 𝑃 > 0.05).

The PWMTs in the ipsilateral hindpaw in the NS + BV
group were significantly lower after injection than in the NS
+ NS group (Figure 3(b), 𝑃 < 0.05). However, ipsilateral
preapplication of OCT attenuated the PWMTs and there
was no significant difference compared with the NS + NS
group (𝑃 > 0.05, Figure 3(b)). This antinociceptive effect
on mechanical hyperalgesia did not occur when OCT was
injected contralaterally (Figure 3(b)), and intraplantar pre-
treatment with the somatostatin receptor antagonist c-SOM
reversed octreotide’s antinociceptive effects (Figure 3(b)).
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Figure 5: Photomicrograph showing the example of pCREB expression in the L4 spinal cord induced by BV injection following NS or
octreotide administration. (a) NS + BV group, (c) OCT + BV group, and (b) and (d) are amplifications of the framed areas in (a) and (c),
respectively.
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Figure 6: The percentage of pCREB-positive neurons in the ipsi-
lateral DRG in the five groups. One-way ANOVA tests followed by
the Student-Newman-Keuls method were used to compare different
treatments. ##𝑃 < 0.01, compared with those in the NS + NS group;
∗𝑃 < 0.05, ∗∗𝑃 < 0.01, compared with those in the NS + BV group.

3.3. Effects of Octreotide on Thermal Hyperalgesia Induced
by BV. Compared with PWTLs prior to BV injection, the
PWTLs in the ipsilateral hindpaw decreased significantly
after intraplantar injection of BV in the NS + BV group
from 11.78 ± 0.39 s to 9.41 ± 0.57 s (𝑃 < 0.01, Figure 4(a)),

demonstrating primary thermal hyperalgesia. In addition,
the PWTLs in the contralateral hindpaw also decreased
significantly after injection of BV (11.89±0.44 s versus 11.00±
0.35 s; 𝑃 < 0.05, Figure 4(b)), indicating a mirror-thermal
hyperalgesia. In theNS+NS group, the PWTLdid not change
significantly after NS injection.

However, in the ipsilateral OCT + BV group, primary
thermal hyperalgesia was still observed (𝑃 < 0.05). When
comparing PWTLs among different groups, PWTLs in the
ipsilateral hindpaw after injection of BV in the other four
groups were significantly lower than in the NS + NS group
(𝑃 < 0.05, Figure 4(c)). Meanwhile, mirror-thermal hyperal-
gesia in the ipsilateral OCT + BV group was still observed.

3.4. The Expression of pCREB in the Spinal Cord and DRG.
After the injection of BV, the pCREB-positive staining was
localized to cell nuclei throughout the bilateral spinal cord
and dramatically increased as shown in Table 1 Column
1 and Column 2 (𝑃 < 0.05). No significant difference
was found between the ipsilateral and contralateral sides
(𝑃 > 0.05). In addition, the majority of the pCREB-positive
cells were observed in laminae I-II and V-VI in the spinal
cord, which is the major terminal of nociceptive afferent
fibers and the mediator of nociceptive input. It also showed
that preapplication of OCT significantly decreased pCREB
expression compared with the NS + BV group (𝑃 < 0.05),
while contralateral pretreatment with OCT and ipsilateral
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Figure 7: Photomicrograph showing the example of pCREB expression in the L5 DRG induced by BV injection following NS or octreotide
administration. (a) and (c) present the example of pCREB expression in the NS + BV group and the ipsilateral OCT + BV group, respectively.

Table 1: Number of pCREB-positive cells in the ipsilateral and contralateral dorsal horn of the lumbar spinal cord in SD rats.

Subregion NS + NS NS + BV Ipsilateral OCT + BV Contralateral OCT + ipsilateral BV c-SOM + OCT + BV
Ipsi I-II 41.06 ± 2.52 127.20 ± 2.96## 64.93 ± 4.39##∗∗ 109.80 ± 6.48##$$ 110.80 ± 6.65##$$

Contra I-II 34.47 ± 3.99 121.40 ± 5.03## 63.87 ± 4.09##∗∗ 112.20 ± 6.09##$$ 111.20 ± 7.13##$$

Ipsi III-IV 5.00 ± 1.41 17.60 ± 1.86## 12.20 ± 2.22## 15.40 ± 1.53## 13.20 ± 2.25##

Contra III-IV 4.60 ± 1.06 17.20 ± 1.52## 12.40 ± 2.27## 15.00 ± 2.28## 13.80 ± 1.74##

Ipsi V-VI 33.60 ± 5.99 64.80 ± 3.87# 38.87 ± 5.95∗ 54.60 ± 3.12 45.20 ± 8.94

Contra V-VI 25.20 ± 4.11∗ 61.60 ± 3.19## 38.20 ± 8.79∗ 50.00 ± 3.03# 51.00 ± 9.53#

Data are presented as the means ± SEM from 5 rats. For each rat, counts from 5 sections were averaged. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01, compared with the NS +
BV group; #𝑃 < 0.05; ##𝑃 < 0.01, compared with the NS + NS group. $$𝑃 < 0.01, compared with the OCT + BV group. Ipsi: ipsilateral spinal cord; Contra:
contralateral spinal cord.

pretreatment with c-SOM + OCT did not reduce the expres-
sion of pCREB throughout the spinal cord evoked by BV as
shown in Columns 4 and 5. Figure 5 shows the examples of
pCREB expression in the right dorsal horn of the L4 spinal
cord.

After Nissl restaining of the neuron bodies in the DRG,
the expression of pCREBwasmostly located in small neurons
(Figure 7). Comparedwith theNS +NS group, the expression
of pCREB was significantly increased in the NS + BV group
in the ipsilateral DRG (𝑃 < 0.05, Figure 6). Local injection of
octreotide also reduced the BV-induced expression of pCREB
in the DRG, and intraplantar pretreatment of the somato-
statin receptor antagonist c-SOM reversed the octreotide
effects (𝑃 < 0.05, Figure 6). Figure 7 shows the examples of
pCREB expression in L5 DRG neurons.

4. Discussion

The most important finding of the present study is that
local application of octreotide suppresses the BV-induced
nociceptive lifting/licking behavior and pCREB expression
in the superficial spinal cord and ipsilateral DRG, and this
effect is reversed by pretreatment with cyclosomatostatin, an
antagonist of the SSTR.

In the present study, intraplantar injection of BV elicited
persistent nociceptive responses such as lifting, licking,
and flinches, as well as mechanical allodynia and thermal

hyperalgesia, which is consistent with a previous study [20].
BV is a mixed toxin containing melittin, phospholipase A2,
apamin, histamine, and mast cell-degranulating peptide [19,
29]. Among these components, melittin is likely to play the
most important role in the production of pain, hyperalgesia,
allodynia, and inflammatory process [29]. Melittin has been
reported to selectively activate capsaicin-sensitive primary
afferent fibers [30] and small- to medium-sized DRG cells by
opening the nonselective transient receptor potential vanil-
loid 1 (TRPV1) cation ion channel [31]. Either pre- or post-
treatment with capsazepine, a selective blocker of thermal
nociceptor TRPV1, significantly prevents or suppresses the
persistent, spontaneous nociception induced by intraplantar
injection of melittin [29]. These results suggest that the
nociceptive and hyperalgesic effects of BVmight bemediated
by activation of the peripheral capsaicin receptor TRPV1.
TRPV1 activation plays a key role in inflammatory pain [4]
andTRPV1 knockoutmice do not develop inflammatory pain
behaviors [32, 33]. TRPV1 is a nonselective cation channel
with a preference for calcium [4, 34]. Agonist binding to the
TRPV1 operated nonspecific cation channel is likely to induce
a conformational change in receptor protein, leading to
cation (predominantly calcium) influx [35].This cation influx
may cause membrane depolarization [36]. When membrane
depolarization reaches the threshold level, an action potential
is generated. The action potential is propagated along the
entire length of the neuron and may be perceived as pain by
the CNS [34, 37].
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The present study showed that intraplantar pretreatment
with octreotide attenuated the increase in the duration
of lifting/licking induced by BV. However, contralateral
octreotide treatment did not demonstrate any antinociceptive
effect. Ipsilateral pretreatment with cyclosomatostatin, an
antagonist of somatostatin receptors, reversed the effect
of octreotide. Thus, the present study indicates that local
antinociceptive effects of octreotide occur through the acti-
vation of peripheral somatostatin receptors. Five receptor
subtypes have been found: SSTR1–5. SSTR1–4 had been
identified on afferent terminals and in the DRG [1, 38–
40]. In addition, OCT has high affinity to three receptor
subtypes (SSTR2, 3, 5) that would be blocked by c-SOM
[41]. Moreover, it has been reported that SSTR2 was located
in the axon terminal of peripheral unmyelinated nerve
fibers [1]. Furthermore, by using SSTR2-deficient mice and
immunohistochemistry, the antinociceptive effects of OCT
were completely abolished and only SSTR1 and SSTR2A were
detected in a subset of small- and medium-diameter neurons
in the dorsal root ganglia of naive wild-type mice [42]. Thus,
the present study indicates that local antinociceptive effects
of octreotide occurred through the activation of peripheral
somatostatin receptors, most likely by SSTR2. The results
are also consistent with previous studies demonstrating that
somatostatin has analgesic effects in rodents and humans by
acting on peripheral somatostatin receptors [5, 43, 44]. It is
reported that SSTR2 inhibits activity through the presynaptic
release of glutamate evoked by TRPV1 in the spinal cord
[3]. SST is also synthesized and stored in capsaicin-sensitive
transient receptor potential vanilloid 1 (TRPV1) expressing
nociceptive afferents, and it has been identified in spinal dor-
sal horn neurons [45, 46]. Modulation of pain transmission
has a complex circuitry that includes SSTR [46, 47]. During
the sensitization of nociceptors, it has been demonstrated that
SST interacts with the vanilloid receptor TRPV1 [4, 47].

The present study showed that intraplantar pretreatment
with OCT depressed BV-induced increases in the duration
of L/L but not the numbers of flinches. The mechanism by
which flinches and L/L behavior were differentially affected
in this study is not clear. The lack of an effect of OCT on
flinch behavior suggests that the neural circuit underlying
this reflexive behavior presumed to be segmentally organized
may be distinct from that underlying L/L behavior, which is
more likely to involve supraspinal mechanisms [1, 48].

Another finding in the present study is that intra-
plantar pretreatment with octreotide inhibits BV-induced
mechanical, but not thermal, hyperalgesia. These results
are consistent with the previous studies showing that
octreotide relieves mechanical hyperalgesia in arthritic DA
rats [6] and somatostatin reduces mechanical hyperalgesia
in carrageenan-induced inflammation [5]. The inconsistent
effect of octreotide on thermal and mechanical hyperalgesia
may be due to thermal and mechanical hyperalgesia relying
on the activation of two different intracellular cascades
of events in the spinal cord. Neural substrates underlying
mechanical hypersensitivity and thermal hypersensitivity
have been dissociated in a number of ways [49, 50].

Mirror-thermal hyperalgesia was a typical characteristic
of the BV test in SD rats that had not been reported in other

inflammatory pain models such as nociception induced by
formalin [1, 20] and capsaicin [4]. Both NMDA and non-
NMDA receptors involved in central sensitization contribute
to the development of BV-induced mirror-thermal hyper-
algesia [51]. A temporal spinal summation of the ongoing
primary afferent input from the BV injection site directly
contributed to the development or establishment of the
mirror-thermal hyperalgesia. The BV-induced paw flinches
may reflect an increase in spontaneous activity of peripheral
primary afferents and spinal neurons involved in the BV test
[28]. Thus, both peripheral and central mechanisms may be
involved in the spontaneous nociceptive behaviors and the
thermal hyperalgesia.

The present study demonstrates that BV injection into the
rat hindpaw induces, within minutes, the phosphorylation
of CREB at the transcriptional regulatory site serine-133 in
the spinal cord and ipsilateral DRG neurons. Interestingly,
unilateral peripheral inflammation induces this phospho-
rylation event bilaterally in the spinal cord. These results
are similar to the previous reports that pCREB increased
after paw inflammation induced by carrageenan and for-
malin [14, 17], nerve injury [15], and neuropathic pain [16,
17], indicating that pCREB is involved in hyperalgesia and
spontaneous nociception. A majority of the cells containing
pCREB-positive nuclei in the spinal cord after BV stimulation
were observed in laminae I-II and V-VI, which are the
regions where a majority of the noxious primary afferents
terminate and the cell bodies of nociceptive neurons are
localized [52]. Furthermore, pCREB was also observed in a
few small DRG neurons, which are involved in mediating
pain transmission. pCREB is a component of the intracellular
mechanisms active during persistent pain [15, 53]. Taken
together, these results indicate that BV-induced expression of
pCREB is predominantly confined to the neurons involved
in the pain response. CREB binds specifically to the CRE
present in the promoters of many genes, including the gene
encoding somatostatin, for which transcription rates are
strongly regulated by cAMP [54, 55]. Increases in pCREBmay
be associated with pain-related behaviors. The present study
demonstrates that the expression of pCREB in the spinal
cord can be suppressed by local application of octreotide,
and cyclosomatostatin pretreatment antagonizes this effect.
Through activating local SSTR, octreotide decreased the
peripheral nociceptive messages transmitted to the spinal
cord. Therefore, the nociceptive marker pCREB was reduced
in ipsilateral DRG and spinal cord neurons.

In conclusion, the present study showed that octreotide
relieved the BV-induced lifting/licking, mechanical allody-
nia, and spinal pCREB expression, which confirmed that
somatostatin exerted peripheral analgesic effects through
its receptors. In addition, pCREB may contribute to these
nociceptive responses.
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[45] G. Horváth and L. Mécs, “Antinociception by endogenous
ligands at peripheral level,” Ideggyógyászati Szemle, vol. 64, no.
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