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Abstract
Background: Neuropathic pain seriously affects people’s life, but its mechanism is not clear. Interleukin-17
(IL-17) is a proin�ammation cytokine and involved in pain regulation. Our previous study found that IL-17
markedly enhanced the excitatory activity of spinal dorsal neurons in mice spinal slices. The present
study attempts to explore if IL-17 contributes to neuropathic pain and spinal synapse plasticity.

Methods A model of spared nerve injury (SNI) was established in C57BL/6J mice and IL-17a mutant
mice. The pain-like behaviors was tested, and the expression of IL-17 and its receptor, IL-17RA, was
detected. C-�ber evoked �eld potentials were recorded in vivo.

Results: In the spinal dorsal horn, IL-17 predominantly expressed in the super�cial spinal astrocytes and
IL-17RA expressed mostly in neurons and slightly in astrocytes. The SNI-induced static and dynamic
allodynia was signi�cantly prevented by pretreatment of neutralizing IL-17 antibody (intrathecal injection,
2 μg/10 μL) and attenuated in IL-17a mutant mice. Post-treatment of IL-17 neutralizing antibody also
partially relieved the established mechanical allodynia. Moreover, spinal long-term potentiation (LTP) of
C-�ber evoked �eld potentials, a substrate for central sensitization, was suppressed by IL-17 neutralizing
antibody. Intrathecal injection of IL-17 recombinant protein (0.2 μg/10 μL) mimicked the mechanical
allodynia and facilitated the spinal LTP.

Conclusions: These data implied that IL-17 in the spinal cord played a crucial role in neuropathic pain and
central sensitization.

1. Introduction
Neuropathic pain is one of the serious chronic pain, induced by infection, nerve trauma, ischemia,
metabolic disease, or chemotherapy, which is typically characterized by allodynia, hyperalgesia, burning
pain and paresthesia [12, 18, 28]. Many patients are suffering from the refractory pain with current
treatments, duo to the underlying mechanisms is still incompletely understood.

Although neuropathic pain is an expression of the neural sensitization in the central nervous system
(CNS), numerous data have indicated that the astrocytes and cytokines in the CNS play a key role in the
mediation of neuropathic pain [11, 13, 16]. Astrocytes are abundant in the CNS, and never regarded as
only support cells. Recent reports show that astrocytes have multiple active roles in acute and chronic
pain. Furthermore, in both human and animal studies, astrocytes are activated in pathological pain to
produce proin�ammatory cytokines, such as TNF-a, IL-1β, and IL-18 which act as neuromodulators and
regulate pain via neuron-glial or glia-glia interactions [3, 20, 21].

In immune system IL-17 is came from Th17 cells. Within the IL-17 family, IL-17A and IL-17F are the
central informs to play important role as proin�ammatory cytokine against extracellular micro-organisms
and in the pathogenesis of different autoimmune diseases [15, 29]. IL-17A was �rst described in human
peripheral blood [26]. Serum levels of IL-17 were signi�cantly upregulated in leprosy neuropathy patients
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with neural pain than without pain [1]. IL-17 receptor, IL-17RA, expression is obviously enhanced in the
CNS of mice with experimental autoimmune encephalomyelitis (EAE) compared to healthy mice [7]. In
vitro, astrocytes and microglia express IL-17 receptor, and IL-17A administration induced signi�cant
increase the secretion of chemokine, such as MCP-1, MCP-5, MIP-2 and KC [14]. In a mouse model of
bone cancer pain (BCP), it is shown that numerous T cells in�ltrated into the spinal cord following
sarcoma cell implantation with enhanced BCP and IL-17/IL-17A were increased in blood and the spinal
cord. BCP was decreased after the intrathecal injection of IL-17/IL-17A neutralizing antibodies [14].

Injection of recombinant IL-17 of murine into the hind paw, the sciatic nerve or the knee joint of mice
induced mechanical or thermal hyperalgesia [10]. After injection of complete Freund's adjuvant (CFA) into
the paw IL-17 is increased in astrocytes, and IL-17RA is upregulated in neurons expressed n-methyl-
DAspartate receptor (NMDAR) [22]. In the spinal cord, IL-17 is mainly produced by astrocytes, facilitates
the phosphorylation and the tra�cking of NMDARs to sensitize pain [7]. The administration of IL-17A into
the normal knee joint of anaesthetized rats enhanced the responses of C �bers to noxious mechanical
stimuli, and a high concentration also facilitated weakly Aδ �bers [25]. IL-17 upregulated tetrodotoxin
(TTX)-resistant sodium channels and increased the generation of action potentials in dorsal root
ganglion (DRG) neurons [9]. It is known that spinal long term potentiation (LTP) is considered as the
mechanism of chronic pain, in this study we would explore the role of spinal IL-17 in neuropathic pain
and the spinal synapse plasticity.

2. Methods

2.1. Animals
Male C57BL/6J mice (eight weeks, 25–30 g) were purchased from Shanghai Experimental Animal Center
of the Chinese Academy of Sciences. IL-17a mutant mouse were supplied by Jackson Laboratory (No.
016879, USA). Five mice were housed in every plastic cage with food and water available ad libitum. The
arti�cial light was provided in a 12:12 h (light/dark) cycle from 7 AM and room temperature was kept at
22 ± 1℃. All animals were sacri�ced by an overdose of urethane (25%, 2.5 g/kg, i.p.) after the
experiments. These experiment protocols were approved by the Fudan University Animal Care and Use
Committee, and were conducted in accordance with the policies issued by the International Association
for the Study of Pain (IASP).

2.2. Spared nerve injury (SNI)
All mice were anesthetized with 2% iso�urane and the incision was made at left mid-thigh level as
described by Bourquin AF et al. [5]. Two of the three branches of the sciatic nerve (the tibial and common
peroneal nerve) were ligated and transected together, while the sural nerve is left intact. After a tight
ligation of both nerves was performed, a 1–2 mm section of the two nerves was removed. Muscle and
skin were closed in two distinct layers with silk 6 − 0 suture. The sham procedure was consisted of the
same surgery without ligation and transection of the nerves.
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2.3. von Frey test
A series of von Frey �laments (0.16, 0.4, 0.6, 1.0, 1.4, 2.0 g, Stoelting, USA) were used on ipsilateral hind
paws to assess the mechanical sensitivity as described previously [8]. Mice were habituated to the testing
environment for 2 h every day at 2–3 days before the behavioral test. They were con�ned under the 8 cm
× 8 cm × 4 cm plexiglass boxes placed on an elevated iron wires �oor with 2 mm grids. In ascending
order of force, an appropriate von Frey �lament was applied on the plantar surface of the hind paw.
Different �lament was applied 2 s x 5 times between every 15 s. The mechanical threshold was de�ned
as paw withdrawal threshold (PWT), which was the lowest force produced 3 withdraw responses out of 5
applications.

2.4. Allodynia Score
As described by Cheng et al. [6], dynamic mechanical hypersensitivity was tested by light stroking from
heel to toe (velocity: about 2 cm/s) along the external lateral side of the injured hind paw using a trimmed
blunt paintbrush (the width of tip: 1 mm, the length of tip: 6 mm). The allodynia scores were graded
according to the following 4-point scale: 0, a very fast movement, lifting the stimulated paw for less than
1 s; 1, sustained lifting (more than 2 s) toward the body or a single gentle �inching of the stimulated paw;
2, one strong lateral paw lift, above the level of the body or a startle-like jump; 3, multiple �inching
responses or licking of the affected paw. We repeated the stimulation three times at 30 s intervals and
obtained an average score for each mouse.

2.5. Drug administration
Mice were brie�y anesthetized with 1–2% iso�urane. For lumbar puncture injection, rabbit anti IL-17
antibody (Sigma, PRS4887, USA), normal rabbit IgG (R&D, AB-105-C, USA) or IL-17 recombination (R&D,
7956-ML/CF, USA) was delivered to the cerebral spinal �uid with a 31-gauge needle between the L4 and
L5 vertebrae. No more than 10 µl of drug was administered over a period of 5 min. Sterile 0.01 M PBS
was used as the vehicle control.

2.6. Immunohistochemistry
Under anesthesia with urethane (25%, 1.5 g/kg, i.p.), the L4-L6 spinal cord was removed after transcardial
perfusion with normal saline and 4% paraformaldehyde in 0.1 M PB. Thereafter, the tissue was post-�xed
for 2–4 h at 4°C followed by dehydration in gradient sucrose (10%-20%-30%) for 24–48 h at 4°C.
Transverse spinal cord sections were 35 µm made by a cryostat (model 1900, Leica, Germany). After
blocked by 10% normal donkey serum with 0.3% Triton X-100 for 2 h at 4°C, the sections were incubated
with the primary antibodies of rabbit anti-IL-17 (1:50, Sigma-Aldrich, PRS4887, USA), rabbit anti-IL-17 RA
(1:50, Santa Cruz, SC-30175, USA), goat anti-Iba-1 (1:500, Abcam, ab5076, UK), mouse anti-GFAP (1:2000,
Sigma-Aldrich, G6171, USA), or mouse anti-NeuN (1:2000, Millipore, MAB377, USA) overnight at 4°C. Then
the sections were labeled with secondary antibodies of donkey anti-goat Alexa Flour 546 (1:200,
Invitrogen, A-11055, USA), donkey anti-rabbit Alexa Flour 488 (1:200, Invitrogen, A-10040, USA) or donkey
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anti-mouse Alexa Flour 546 (1:200, Invitrogen, A-10036, USA) for 2 h at room temperature in the dark. The
images were captured by a confocal laser-scanning microscope (FV1000; Olympus, Tokyo, Japan).

2.7. Recording of spinal LTP in vivo
According to the previous study [4], mice were anesthetized with urethane (1.5 g/kg, i.p.). For exposing the
lumbar enlargement, a laminectomy was performed at vertebrae T13 to L1. A PE-5 tube was inserted into
the gap of L4 and L5 vertebrae and extended to the cavum subarachnoidale space near the lumbar
enlargement. Approximately 2 µl sterile normal saline (NS) was �lled in the catheter, and the drugs or
vehicle (10 µl) were applied in 1 min followed by 2 µl NS. The left sciatic nerve was separated free for
bipolar electrical stimuli. A feedback-controlled heating blanket was used for keeping the colorectal
temperature at 37 ± 0.5°C.

The �eld potentials were recorded with glass microelectrodes (3–5 MΩ impedance) in 100–300 µm from
the surface of the L4-L5 spinal cord segments. A single rectangular pulse (2 x C-�ber threshold, 0.5 ms, 60
s interval) was applied on the ipsilateral sciatic nerve. Followed the stable recordings more than 30 min,
spinal LTP was induced by the conditioning tetanic stimulation (4 x C-�ber threshold, 0.5 ms, 100 Hz, 4
trains of 1 s duration, 10 s interval) delivered to the sciatic nerve. As a control, the sham group was not
applied with conditioning tetanic stimulation. The signals were ampli�ed by a microelectrode AC
ampli�er (A-M System, USA), and converted into a digital signal by CED systems (A/D converter Micro
1401 mk , UK).

The responses of 10 consecutive test stimuli calculated off-line by Spike 2 version 6 were averaged and
normalized to mean amplitudes of C-�ber evoked �eld potentials in the �rst 30-min.

2.8. Statistics
All data were expressed as mean ± SEM and tested using Student’s t test, one-way or two-way ANOVA
followed by post hoc Student-Newmann-Keuls test. The criterion for statistical signi�cance was P < 0.05.

3. Results

3.1. IL-17 and IL-17R were expressed in the spinal cord
dorsal horn.
To determine the spatial distribution of IL-17 and IL-17R, we performed double immuno�uorescent
staining for IL-17/IL-17RA and NeuN (neuronal markers), Iba-1 (a microglial marker), or GFAP (an
astrocytic marker) on sections of the L4-L6 spinal cord. Moderate IL-17/IL-17R immunoreactivities were
found in the super�cial layers I-II of the spinal dorsal horn in normal mice. IL-17 was co-localized with
GFAP and IL-17R was mainly co-expressed with NeuN or slightly with GFAP. Both IL-17 and IL-17RA
labeled cells were rarely in Iba-1 labeled microglia (Fig. 1–2).

3.2. IL-17 was involved in SNI-induced neuropathic pain.
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Following SNI, mechanical allodynia was induced in mice lasting four weeks at least. The static PWTs
were dramatically decreased at 4 d after surgery on ipsilateral hind paw compared with that of sham
mice (Fig. 3A; Two-way RM ANOVA, treatments: F3,24 = 88.36, P < 0.001), while the dynamic allodynia
scores were obviously increased at the same time (Fig. 3B; Two-way RM ANOVA, treatments: F3,22 =
121.2, P < 0.001).

To address whether spinal IL-17 is involved in SNI, we examined the in�uence of blocking IL-17 on SNI-
induced allodynia. IL-17 neutralizing antibody (IL-17AB, 2 µg/10 µL) was delivered intrathecally 1 h before
SNI, PWTs were signi�cantly increased compared with IgG at 4, 7, 10 and 14 days. (Fig. 3C; Two-way RM
ANOVA, treatments: F3,16 = 47.02, P < 0.001) and the allodynia scores were also decreased at 4, 7, 10 and
14 days (Fig. 3D; Two-way RM ANOVA, treatments: F3,16 = 48.99, P < 0.001). Similarly, mechanical
allodynia induced by SNI was delayed and attenuated in IL-17a mutant mice compared with wide-type
mice (Fig. 3E; Two-way RM ANOVA, treatments: F1,13 = 9.08, P = 0.01. Figure 3F; Two-way RM ANOVA,
treatments: F1,14 = 20.77, P < 0.001). Moreover, we revealed that intrathecal injection of IL-17AB (2 µg/10
µL) also relieved the established neuropathic pain on day 10 after SNI. PWTs were signi�cantly increased
on 1 or 3 h, and the allodynia scores were decreased respectively (Fig. 3G; Two-way RM ANOVA,
treatments: F1,8 = 6.353, P < 0.05. Figure 3H, Two-way RM ANOVA, treatments: F1,8 = 7.835, P < 0.05).

Next, to address whether exogenous IL-17 into the spinal dorsal horn directly evokes allodynia, IL-17
recombination (0.2 µg/10 µL) was intrathecally injected. The mechanical allodynia was obviously
induced at 1 h after injection and lasting 5 hours compared with vehicle (Fig. 3I; Two-way RM ANOVA,
treatments: F1,13 = 13.67, P < 0.01).

3.3. IL-17 contributed to spinal synapse plasticity.
The previous studies showed that LTP of C-�ber evoked potentials in the spinal cord was regarded as a
substrate for central sensitization of the pain pathway which ampli�es nociceptive input and results in
hyperalgesia [17, 27]. In this study, the spinal LTP dose-relatedly alleviated by IL-17 antibody (0.2 µg or 2
µg/10 µl) intrathecally delivered by the PE-5 tube 1 h earlier than tetanic sciatic stimulation (TSS)
compared to normal rabbit IgG (Fig. 4A; Two-way RM ANOVA, treatments: F2,12=11.11, P < 0.01).

To con�rm whether IL-17 was involved in the induction of the spinal LTP, the IL-17 recombinant protein
was applied intrathecally 1 h before TSS. The IL-17 recombination (0.2 µg) facilitated the weak LTP
induced by low TSS (4 x C-�ber threshold, 100 Hz, 0.5 ms, 2 trains of 1 s duration at 10 s interval; Fig. 4B;
Two-way RM ANOVA, treatments: F2,264 = 78.77, P < 0.001).

4. Discussion
The present study revealed an involvement of IL-17 in neuropathic pain and spinal synapse plasticity. The
static and dynamic allodynia induced by SNI was signi�cantly prevented by intrathecal injection of IL-
17AB before SNI. As a support, SNI-induced mechanical allodynia was robustly delayed and reduced in IL-
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17a mutant mice. Blocking of spinal IL-17 also decreased the established mechanical allodynia in SNI
mice. Spinal LTP was signi�cantly suppressed and blocked by low dose and high dose of IL-17 AB,
respectively. Mouse recombinant protein of IL-17 mimicked the mechanical allodynia and sensitized the
spinal LTP. Together with that IL-17 predominantly expressed in the spinal astrocytes and its receptor, IL-
17RA, mostly expressed in neurons and slightly in astrocytes, these data suggest that spinal IL-17 from
astrocytes might modulate dorsal horn neural plasticity directly by IL-17RA expressing neurons, or
indirectly via IL-17RA expressing spinal glia, thereby contributing to the neuropathic pain.

IL-17 acted as a potent in�ammatory cytokine has multiple activities, one of which is to induce the
expression of other proin�ammatory cytokines (such as IL-6 and TNFα), chemokines (such as MCP-1,
MIP-2 and KC) and matrix metalloproteases (MMPs). Expression of IL-17 has also been detected in the
blood and target tissues of patients with various autoimmune diseases, including rheumatoid arthritis
(RA), multiple sclerosis (MS), systemic lupus erythematous and asthma. IL-17 knock-out mice develop
EAE with delayed onset and less severity. The local IL-17 concentration within the mBSA-induced arthritis
was signi�cantly enhanced. The neutralizing antibody of IL-17 relieved the pain behavior and decreased
the neutrophil recruitment. Moreover, intra-articular injection of IL-17 induced hypersensitivity and
neutrophil migration [2, 21, 24]. Our research also revealed that mechanical allodynia induced by SNI was
ameliorated in IL-17 mutant mice. Intrathecal injection of IL-17 recombinant mimicked the pain behavior
of SNI and neutralizing IL-17 antibody prevented the static and dynamic allodynia. It was reported that IL-
17 levels of sciatic nerve in CCI, partial sciatic ligation (PSL) or perineural in�ammation (Neuritis), were
enhanced in 3 and 8 days after surgery [23]. Mice intrathecally injected with IL-17 neutralized antibody
showed relieved hyperalgesia 7 days after SNL, a signi�cant decrease of p-calmodulinkinase II and
phospho-cAMP response element-binding protein in the spinal cord [31].

Li et al. �rst reported that IL-17-positive cells were found in the ischemic lesion region in human brain.
The levels of IL-17 in the ischemic hemisphere were increased compared with the opposite normal
hemispheres and peaked at 3–5 days [19]. Accordingly, we found IL-17 expressed exclusively in GFAP-
immunoreactivity astrocytes in the spinal cord dorsal horn. However, IL-17RA was primarily expressed in
spinal cord neurons. The expression of IL-17/IL-17R provided a cellular basis for neuron-astroglial
interaction in neuropathic pain, which meant IL-17/IL-17R signaling could regulate central sensitization
by neuron-glial cross talk in the CNS.

One characterization of peripheral neuropathic pain is the abnormal excitability of the nervous system.
After peripheral nerve injury C-�ber input may arise spontaneously and drive peripheral and central
sensitization. The activity dependent form of central sensitization is responsible for generating secondary
pinprick hyperalgesia and dynamic tactile allodynia [30]. Our previous study presented that IL-17 is
su�cient and required for excitatory and inhibitory synaptic transmission. Exogenous IL-17 quickly
enhanced EPSCs and decreased IPSCs in the spinal cord slices from naïve mice. The other data showed
that inhibitory synaptic transmission in lamina IIo SOM + neurons was profoundly suppressed by IL-17 in
mice of chemotherapy-induced neuropathic pain [20]. IL-17 speci�cally decreased GABA-induced currents
but not glycine-induced currents. In this study, we found that IL-17 facilitated spinal LTP and pre-blocking
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IL-17 reversed the TSS-induced spinal LTP. These data indicated that IL-17 was involved in central
sensitization.

5. Conclusion
These results suggested that IL-17 in the spinal astrocytes was involved in neuropathic pain and the
synapse plasticity. It is a crucial target for the treatment of chronic pain.
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Figure 1

Expression of IL-17 in the spinal cord. Double immuno�uorescence revealed that IL-17 was expressed in
GFAP-labeled astrocytes, but not in Iba-1-labeled microglia and NeuN-labeled neurons in normal mice.
Scale bar: 50 μm.
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Figure 2

Expression of IL-17RA in the spinal cord. IL-17RA was expressed primarily in NeuN-labeled neurons,
slightly in GFAP-labeled astrocytes, but not in Iba-1-labeled microglia. Scale bar: 50 μm.
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Figure 3

Involvement of IL-17 in SNI-induced neuropathic pain. a, b SNI induced static (a) and dynamic (b)
mechanical allodynia were occurred at day 4 after SNI and lasted more than 4 weeks ***P < 0.001, vs.
sham. c, d SNI-induced static (c) and dynamic (d) mechanical allodynia were partially prevented by
pretreatment of IL-17 neutralizing antibody (IL-17AB, 2 μg/10 μL). IL-17AB was intrathecally injected (i.t.)
one hour before SNI. * P < 0.05, ** P < 0.01, *** P < 0.001, vs. IgG. e, f SNI-induced mechanical allodynia
was delayed and decreased in IL-17a mutant mice. ** P = 0.01 and *** P < 0.001, vs. wide-type mice. g, h
IL-17AB (2 μg/10 μL, i.t.) reversed established mechanical allodynia at 10 days after SNI. * P < 0.05, vs.
IgG. i IL-17 recombination (0.2 μg/10 μL, i.t.) directly induced static mechanical allodynia * P < 0.05, ** P
< 0.01, vs. PBS.
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Figure 4

Involvement of IL-17 in the introduction of spinal LTP. a Four trains tetanic stimulation of the sciatic nerve
(TSS)-induced spinal LTP of C-�ber evoked �eld potentials was completely blocked by high dose of i.t. IL-
17 neutralizing antibody (IL-17AB, 2 μg/10 μL) one hour before TSS. Low dose of IL-17AB (0.2 μg/10 μL)
partially blocked TSS-induced spinal LTP. b Two trains of TSS induced a weak spinal LTP compared with
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4-trains TSS. IL-17 recombination (0.2 μg/10 μL, i.t.) facilitated 2-trains TSS-induced spinal LTP. ** P <
0.01, *** P < 0.001, Two-way RM ANOVA.


