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Abstract
It is known that interleukin-17 (IL-17) is associated with autoimmune disorders and that peripheral
IL-17 plays a role in arthritis and neuropathic pain. The present study investigated the possibility
of spinal cell expression of IL-17 during inflammatory pain and possible IL-17 involvement in
such pain. Hyperalgesia was induced by injecting complete Freund’s adjuvant (CFA, 0.08 ml, 40
μg Mycobacterium tuberculosis) into one hind paw of the rat. Paw withdrawal latency (PWL) was
tested before (−48 h) and 2 and 24 h after CFA to assess hyperalgesia. IL-17 antibody (0.2–2 μg/
rat) was given intrathecally (i.t.) 24 h before CFA to block the action of basal IL-17 and 2 h prior
to each of two PWL tests to block CFA-induced IL-17. I.t. recombinant IL-17 (10–400 ng/rat) was
administered to naive rats to determine its effects on PWL and phosphorylated-NR1 (p-NR1). P-
NR1 modulates N-methyl-D-aspartate receptor (NMDAR) activity to facilitate pain. Spinal cords
were removed for IL-17 immunostaining, double immunostaining of IL-17/cell markers and IL-17
receptor A (IL-17RA)/NR1, for western blot of IL-17, p-NR1, IL-17RA, and GFAP, for in situ
IL-17RA hybridization, and for real time PCR of IL-17RA. The data shows that 1) IL-17 is up-
regulated in activated and non-activated astrocytes, 2) IL-17RA is localized in NR1-
immunoreactive neurons and up-regulated, and 3) IL-17 antibody at 2 μg/rat significantly
increased PWL (P<0.05) and decreased p-NR1 and IL-17RA compared to control in CFA- and
IL-17-injected rats. The results suggest that spinal IL-17 is produced by astrocytes and enhances
p-NR1 to facilitate pain.
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1. Introduction
The interleukin-17 (IL-17) cytokine family has recently emerged as a critical player in
immune system and inflammatory diseases. The family consists of six ligands (IL-17A–F)
and five receptors (IL-17RA–IL-17RE) in mammals [6]. IL-17A, also known as IL-17, the
prototypical IL-17 ligand, is mainly produced by a subset of CD4(+) T helper (TH) cells
now known as TH17 cells [29; 39]. These act on IL-17RA to up-regulate the expression of
inflammatory genes such as IL-6, IL-8, granulocyte-colony-stimulating factor, and
prostaglandin E2 in epithelial, endothelial, and fibroblastic cells [5]. It is well known that
IL-17 is elevated in multiple sclerosis, rheumatoid arthritis, and psoriasis [11; 21] and is
involved in these autoimmune disorders [18; 21; 30].

Recent studies have shown that glial cells of the central nervous system also express IL-17.
For example, IL-17 was produced in the astrocytes of rats with permanent middle cerebral
artery occlusion [17] and in brain astrocytes of patients with multiple sclerosis [33]. It is also
well known that glial cells, including astrocytes and microglia, are activated in the lumbar
spinal cord in inflammatory [25; 32; 37] and neuropathic pain models [20; 24; 31]. Glial
cells release a variety of algesic substances, including proinflammatory cytokines such as
IL-1β, TNF- α, and IL-6, which may potentiate transmission and processing of noxious
inputs at the spinal level [25; 38]. Whether spinal glial cells produce IL-17 during
inflammatory pain and whether IL-17 is involved in such pain have not been studied.

A few studies show involvement of peripheral IL-17 in pain. For example, IL-17 was
detected in the injured nerves of neuropathic pain models [15; 22], and intra-hind paw [13;
19] and intra-knee [23] injections of recombinant IL-17 in mice induced hyperalgesia.
Further, the concentration of IL-17 in the spinal cord of rats is increased after nerve injury
[2]. IL-17 knockout (KO) mice displayed significantly decreased mechanical
hypersensitivity compared to normal mice in a neuropathic pain model of partial ligation of
the sciatic nerve [13], which suggests that central nervous system IL-17 might be involved
in pain. In the present study, we sought to determine whether spinal cells express IL-17 after
inflammation and whether IL-17 is involved in the inflammatory pain. We also investigated
whether IL-17 modulates the phosphorylation of NR1, an essential subunit of the N-methyl
D-aspartate receptor (NMDAR) that is known to modulate NMDAR activity and facilitate
nociceptive input transmission in inflammatory pain models [7; 44; 45].

2. Methods
2.1. Animal Preparation

Male Sprague-Dawley rats weighing 270–300 g (Harlan, Indianapolis, IN) were kept under
controlled laboratory conditions (22°C, relative humidity 40%–60%, 12-h alternate light–
dark cycles, food and water ad libitum) and were acclimatized to the environment for five
days prior to experimentation. The animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Maryland School of
Medicine, Maryland, USA.

2.2. Experimental Design
Five sets of experiments were conducted to determine spinal IL-17 involvement in
hyperalgesia: 1) immunostaining to show IL-17-immunopositive cells and IL-17RA/
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NMDAR NR1 co-localization, 2) Reverse transcription polymerase chain reaction (RT-
PCR) and in situ hybridization to determine IL-17 and IL-17RA mRNA expression, 3)
complete Freund’s adjuvant (CFA)- or saline-injected rats plus IL-17 antiserum, 4) naive
rats plus IL-17 protein, and 5) western blot to examine IL-17RA, IL-17, GFAP and
NMDAR NR1 phosphorylation levels in the spinal cord.

In experiment 1, double immunofluorescence was used to identify the cell type that
produces IL-17 during inflammatory pain and IL-17RA/NMDA NR1 co-localization. In
sub-experiment 1, CFA-inflamed rats were randomly divided into 2 h and 24 h post-CFA
injection groups (n=3 per group). Another 3 rats, 24 h post-saline injection, were used as
control. The lumbar spinal cord was used for IL-17 immunostaining and double
immunofluorescence staining of IL-17 with glial fibrillary acidic protein (GFAP), OX-42,
and NeuN, the respective markers of astrocytes, microglia, and neurons. In sub- experiment
2, spinal cord sections from the 24 h group were double stained for IL-17RA and NR1 to
determine whether IL-17RA is localized in NMDAR-containing neurons. In sub-experiment
3 (n=3 per group), spinal cord sections from the 24 h post-CFA rats were stained for ROR
gamma, a molecular marker for TH-17 lymphocytes, and CD14, a monocyte marker. These
two types of cells are known to produce IL-17 and to infiltrate the brain parenchyma in the
experimental autoimmune encephalomyelitis (EAE) rat model [1]. The mesenteric lymph
nodes were used as a positive control.

In experiment 2, RT-PCR, real time PCR and in situ hybridization were performed in two
groups of rats (n=2–6 per group) to determine whether the spinal cord expresses IL-17 and
IL-17RA mRNA. The IL-17RA mRNA were quantified with real time PCR (n=6 per group).

In experiment 3, antiserum against IL-17 was administered to CFA- or saline-injected rats to
determine whether it alleviates pain. CFA or saline was subcutaneously injected into the
plantar surface of one hind paw. The CFA-injected rats were randomly divided (n=7 per
group) into a control group and two IL-17 antiserum (Cat# sc-7927, Santa Cruz
Biotechnology, Inc) groups, 0.2 and 2 μg/rat (10 μl). I.t. IL-17 antiserum was given three
times, 24 h before CFA to block the action of basal IL-17 and 2 h prior to each of two
hyperalgesia tests, to block CFA-induced IL-17. The control group received saline (10 μl,
i.t.) on the same schedule. Three sub-groups of the saline-injected rats were similarly
treated. Paw withdrawal latency (PWL) tests were conducted before CFA (−48 h) for
baseline and 2 and 24 h after CFA to measure thermal hyperalgesia.

In experiment 4, naive rats were divided into five groups (n=7 per group), which were
respectively treated with saline, IL-17 at 10 ng, 100 ng, and 400 ng/rat, and IL-17 at 400 ng/
rat plus 2 μg of antiserum against IL-17. IL-17 protein (ProSpec-Tany TechnoGene Ltd)
was dissolved in saline and injected i.t. into the lumbar spinal cord. PWL was measured −48
h prior to and 2, 24, and 48 h after the injection.

In experiment 5, since IL-17 induced the most significant decrease of PWL 24 h after the
IL-17 injection, the spinal cord was removed at that time point in five groups (n=4 per
group) of rats treated as in experiment 4. The spinal cords were also removed from rats of
experiment 3 after PWL testing 24 h post-CFA injection and from another group of rats 2 h
post-CFA injection. Relative levels of IL-17RA, NR1 phosphorylation, IL-17, and GFAP
were measured with western blot.

2.3. I.t. drug delivery
Lumbar punctures were performed as previously described [16]. A PE10 polyethylene tube
(Clay Adams) was submerged in 70°C water, stretched to about 150% of its original length
to reduce the diameter, and used as an injection catheter. With a 29-gauge needle, another
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10-cm PE10 tube was connected to one end of the catheter and then to a 50-μl glass
Hamilton syringe with a PE50 tube. The injection catheter was prefilled with 10 μl of drug
or vehicle separated from 5 μl of saline by a small air bubble. Under isoflurane anesthesia,
the dorsal pelvic area was shaved and swabbed with 70% alcohol. A 21-gauge sterile needle
with the plastic hub removed was inserted between lumbar vertebrae L5 and L6. The
catheter was inserted into the guide needle and rostrally advanced 4 cm from the tip of the
needle into the lumber enlargement, where its arrival was confirmed by a tail-twitch. The
drug, or vehicle, was injected and followed by a saline flush. Three minutes after the
injection the catheter was withdrawn and the needle was removed from the intervertebral
space.

2.4. Induction of hyperalgesia
Inflammatory hyperalgesia was induced by injecting CFA (Sigma, St Louis, MO; 0.08 ml,
40 μg Mycobacterium tuberculosis), suspended in an 1:1 oil/saline emulsion,
subcutaneously into the plantar surface of one hind paw of the rat using a 25-gauge
hypodermic needle [41]. The inflammation, manifesting as redness, edema, and hyper-
responsiveness to noxious stimuli, was limited to the injected paw and appeared shortly after
the injection. Hyperalgesia was determined by a decrease in PWL to a noxious thermal
stimulus.

2.5. Thermal hyperalgesia
The rats in experiments 3 and 4 were tested for PWL by a previously described method [9;
41]. They were placed under an inverted clear plastic chamber on the glass surface of a Paw
Thermal Stimulator System (UCSD, San Diego) and allowed to acclimatize for 30 min
before the test. A radiant heat stimulus was applied with a projector lamp bulb (CXL/CXR,
8 V, 50 W) to the plantar surface of each hind paw from underneath the glass floor. PWL to
the nearest 0.1 s was automatically recorded when the rat withdrew its paw from the
stimulus. Stimulus intensity was adjusted to derive an average baseline PWL of
approximately 10.0 s in naive animals. Paws were alternated randomly to preclude “order”
effects. A 20-s cut-off was used to prevent tissue damage.

Mean PWL was established by averaging the latency of four tests with a 5-min interval
between each test. The investigator who performed the behavioral tests was blind to group
assignment.

2.6. Immunofluorescence
Rats were deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and immediately
perfused transcardially with 4% paraformaldehyde (Sigma) in 0.1 M phosphate buffer (PB)
at pH 7.4. The lumbar 4–5 spinal cord was removed, immersed in the same fixative for 2 h
at 4 °C, and transferred to 30% sucrose (w/v) in PB saline (PBS) overnight for
cryoprotection. Thirty micron-thick sections were cut on a cryostat, rinsed in PBS, blocked
in PBS with 10% normal donkey serum for 60 min, and incubated overnight at room
temperature with a mixture of rabbit polyclonal antibody against IL-17 (1:50, Cat# sc-7927,
Santa Cruz Biotechnology, Inc) and mouse monoclonal antibodies against GFAP (1:500,
Chemicon), OX-42 (1:500, Biosource) or NeuN (1:500, Chemicon). After three 10-min
washings in PBS, sections were incubated in a mixture of CY2-conjugated donkey anti-
rabbit (1:200, Jackson ImmunoResearch Laboratories) and CY3-congugated donkey anti-
mouse (1:500) for 1 h at room temperature. Control sections were similarly processed,
except that the primary antisera were omitted. The stained sections were mounted on
gelatin-coated slides, coverslipped with aqueous mounting medium (Biomeda Corp., CA),
and examined under a Nikon fluorescence microscope. IL-17 immunostained cells were
magnified with a 20× objective lens and counted in 10 randomly-selected sections from each
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rat. The results were averaged for each individual rat and then for the group. Double labeling
of IL-17RA (1:50, Cat# sc-30175, Santa Cruz) and NR1 (1:500, Santa Cruz Biotechnology)
was performed the same way. ROR gamma (1:2000, Abcam) and CD 14 (1:2000, Santa
Cruz) immunostaining were performed according to the standard ABC method.

2.7. In situ hybridization
Rats (n=3) were perfused with 4% formaldehyde in 0.1M PBS. Spinal cord samples were
post-fixed in the same fixative for 24 h at 4°C, dehydrated, and embedded in paraffin. For
the IL-17RA gene (gene bank #NM_001107883.2), a set of 20 specific probes (25 bp in
length on average) that span a ~1 kb region of IL-17RA mRNA were synthesized. Spinal
cord sections, 5 μm in thickness, were used for in situ hybridization with RNAscope
(Advanced Cell Diagnostics) following the manufacturer’s protocol [36]. Briefly, the
deparaffinized sections were pretreated with heat and protease before hybridization with the
target probes for 2 h at 40°C. A horseradish peroxidase-based signal amplification system
was hybridized to the target probes followed by color development with 3,3-
diaminobenzidine and counterstaining with Gill’s Hematoxylin. The stained sections were
coverslipped with DPX (Electron Microscopy Science) and examined under a Nikon
microscope. Positive staining was identified as brown, punctate dots present in the
cytoplasm. We used a positive control, RNAscope Positive Control Probe, POLR2A
(Advanced Cell Diagnostics, cat# 312481), and a negative one, RNAscope Negative Control
Probe, DapB (Advanced Cell Diagnostics, cat# 310043), on spinal cord tissue.

2.8. RT-PCR for IL-17 and real time PCR for IL-17RA
Rats (n=2–6) were anesthetized with isoflurane and decapitated. The spinal cord was
removed. The dorsal horn was separated into ipsilateral and contralateral sections and stored
immediately in dry ice; mesenteric lymph nodes were removed for IL-17 positive control.
Total RNA was extracted with Ambion RNAqueous® Kit according to the manufacturer’s
protocol. The RNA sample was treated with RNase-free DNase I (Ambion 2224G1). An
Invitrogen Reverse Transcriptase Kit was employed to generate the cDNA. For IL-17, the
forward and reverse primers are 5′-gaagttggaccaccacatga-3′ and 5′-tccctcttcaggaccaggat-3′;
for IL-17RA, they are 5′-gacccaaaccacaagtccaa-3′ and 5′-gtcatcttcatctccgtgtcc-3′; for
house keeping gene, hydroxymethylbilane synthase (Hmbs), they are 5′-
tccctgaaggatgtgcctac-3′ and 5′-acaagggttttcccgtttg-3′; for house keeping gene,
hypoxanthine phosphoribosyltransferase minigenes (Hprt), they are 5′-
ggtccattcctatgactgtagatttt-3′ and 5′-caatcaagacgttctttccagtt-3′. Primers were reconstituted to
a final concentration of 30 μM and were mixed according to the Qiagen protocols so that
each well of an ABI 96 well optical reaction plate (Applied Biosystems, USA) contained
10x buffer 2 μl, 10 mM dNTP 1μl, 0.2 μl of Roche rat universal probe, 1μl of the primer
pair solution, 25 mM MgCl2 2.8 μl, and either 10 μl cDNA for spinal cord IL-17, 2 μl of
cDNA for mesenteric lymph nodes IL-17, or 2 μl cDNA for spinal cord IL-17RA. H2O was
added for a total reaction volume of 20 μl. The plate was loaded into an 7900HT real time
PCR System (Applied Biosystems, USA) at 95° C for 2 min followed by 50 cycles of 95° C
for 15 s, 60 °C for 30 s, and 72° C for 30 s. The PCR products of IL-17 were
electrophoresed on 2% agarose gel and photographed. The relative levels of IL-17RA were
normalized to internal controls Hmbs, and Hprt. The standard curve method was used to
compare mRNA expression levels between groups. Normalization to both endogenous
control genes led to similar results.

2.9. Western blot
Western blot was used to examine phosphorylated NR1 (p-NR1), IL-17RA, IL-17, and
GFAP. The rats in experiments 3 and 5 were anesthetized with sodium pentobarbital (60 mg/
kg, i.p.) and decapitated 2 and 24 h post-CFA or -IL-17 respectively. The spinal cord was
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removed with a high-pressure injection of saline into the sacral spinal cord and the
ipsilateral and contralateral dorsal divisions of the lumbar 4–5 spinal cord were harvested.
The ipsilateral and contralateral portion of the spinal cord dorsal horn was homogenized in
protein extraction buffer containing 1% EDTA and 1% Halt™ Protease and Phosphatase
Inhibitor Cocktail (Thermo scientific) and centrifuged at 14000 rpm for 10 min at 4°C, after
which the supernatant containing the proteins was collected. Protein concentration was
determined using the Bio-Rad Protein Assay. Equal amounts of protein were mixed with
loading buffer. After heating in 95° C for 10 min, the proteins were fractionated on a 4–20%
(w/v) SDS-PAGE and transferred onto a polyvinylidine difluoride (PVDF) membrane (Bio-
Rad) with a Trans-Blot Cell System (Bio-Rad). The membrane was blocked for 1 h at room
temperature with 5% milk in TBS (20 mM Tris, 150 mM NaCl, pH 7.4) containing 0.1%
Tween 20 (TBST) and then incubated overnight at 4°C with phosphor-NR1 antiserum
(Serine 896, 1:500, Cat# sc-31669-R, Santa Cruz) or IL-17RA antiserum (1:500, Cat#
sc-30175, Santa Cruz), IL-17 (1:200, Cat# sc-7927, Santa Cruz), or GFAP antiserum
(1:5000, Chemicon). Membranes were washed with TBST buffer and incubated for 2 h at
room temperature with goat anti-rabbit horseradish peroxidase-conjugated IgG (1:2000;
KPL) diluted in 5% (w/v) milk in TBST buffer. The immunoreactivity of the proteins on the
membrane was visualized using the enhanced chemilluminescence detection system (ECL,
Thermo scientific). Autoradiograms were digitized, and densitometric quantification of
immunoreactive bands was carried out using Scion NIH Image 1.60. The membranes were
then incubated in stripping buffer (Thermo scientific) at room temperature for 20 min and
re-probed with β-actin antibody (1:5000, Sigma) as a loading control. Those who harvested
the tissue and performed the western blot were blinded to the treatment.

2.10. Statistical analyses
Data from the thermal hyperalgesia tests were presented in Mean ± S.E.M. and analyzed
using repeated measures analysis of variance (ANOVA) followed by Scheffé’s multiple
comparisons (Statistical Analysis System). Western blot data and immunostaining data were
analyzed with one-way between-subject ANOVA followed by the Scheffé’s multiple
comparison. Real time PCR data were analyzed with one-way ANOVA followed by
Bonferroni’s multiple comparison. P<0.05 was set as the level of statistical significance.

3. Results
3.1. IL-17 localization in the spinal cord

Double immunofluorescence labeling demonstrated that IL-17 immunoreactivity was co-
localized with the astrocyte marker GFAP but not with the microglia marker OX-42 or the
neuronal marker NeuN (Fig. 1). IL-17-labeled glial cells were localized in laminae I–II, III–
IV, V–VI and X. In laminae I–II, the number of ipsilateral IL-17 immunoreactive cells 2 and
24 h post-CFA was significantly increased compared to that in saline control rats (P<0.05).
The number of contralateral IL-17 immunoreactive cells was slightly but not significantly
higher than that in saline control rats. The number of ipsilateral IL-17 immunoreactive cells
was also significantly higher than that of contralateral IL-17 immunoreactive cells 24 h post
CFA (P<0.05). See Fig. 2.

In laminae V–VI, IL-17 immunoreactive cells were significantly increased both ipsilaterally
and contralaterally 2 h post-CFA compared to those of saline control rats, as were ipsilateral
cells 24 h post-CFA. In lamina X, IL-17 was significantly elevated 2 h but not 24 h post-
CFA compared to that in saline control rats. In laminae III–IV, no significant differences
were observed. This implies that IL-17 was up-regulated in astrocytes between 2 and 24 h
after inflammation was produced. Control sections without primary antibodies showed no
specific staining.
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It was found that some astrocytes exhibited hypertrophy with larger and more densely
stained cell bodies after inflammation (Fig. 1a***). As shown in Fig. 1 a***, IL-17 was
produced in both activated and non-activated astrocytes. Western blot showed significant
GFAP up-regulation in the ipsilateral spinal dorsal horn 2–24 h post-CFA compared to
saline control (Fig. 3).

To investigate the possibility that IL-17 was expressed by TH-17 lymphocyte and monocyte
infiltration into the spinal cord, we immunostained for ROR gamma and CD14. The results
showed strong ROR gamma and CD14 staining in the mesenteric lymph nodes but not in the
spinal cord ipsilateral to CFA injection (Supplemental Fig. 1). The data indicate that the
IL-17 mRNA expressed in the spinal cord in our experiments is from astrocytes and not
from either TH-17 lymphocytes or monocytes.

3.2. IL-17 mRNA RT-PCR and IL-17RA mRNA real time PCR and in situ hybridization
It was noted that spinal cord cDNA has to be used at 5 times the positive control (mesenteric
lymph node cDNA) to get the RT-PCR product for IL-17, showing amplification after 30–
35 cycles, which are not suitable for quantification of IL-17 mRNA with real time PCR. The
RT-PCR results show that IL-17 mRNA was expressed in the dorsal horn of the spinal cord
(Fig. 4). Regarding the gel, the bands represent the total PCR product after 50 cycles of
amplification. As a saturation effect detected by ethidium bromide at that level of 50 cycles
of amplification, we do not see differences among the bands. Thus, we do not know whether
the initial quantity of available IL17 mRNAs are similar between groups.

The real time PCR showed that relative levels of IL-17RA mRNA were not significantly
different in the dorsal horn of the spinal cord among three groups of rats, saline 24 hr, CFA
2 hr and CFA 24 hr (Fig. 5).

The in situ hybridization data show that IL-17RA mRNA is expressed in oval and round
cells at ~ 7μm (Fig. 6). Most of those IL17RA mRNA-positive cells in the spinal cord looks
to be neurons, although other cells such as T-lymphocytes, microglia and astrocytes may
express IL17RA. Given that there is no positive T cell staining in the spinal cord ipsilateral
to CFA injection (Supplemental Fig. 1) and that there is large degree of overlap between
IL17RA and NR1 protein staining in the spinal cord ipsilateral to CFA injection (Fig 7), we
believe the vast majority of IL17RA protein is expressed by neurons.

As indicated above, the level of IL17 mRNA is quite low in the spinal dorsal horn.
Therefore, we could not obtain positive IL-17 mRNA staining with RNAscope in situ
hybridization technique (data not shown). This suggests that the RNAscope in situ
hybridization is not sensitive enough to label the mRNA that has quite lower levels, whose
detection needs more cDNA during RT-PCR than the standard method.

3.3. Co-localization of NR1 and IL-17RA
Double immunofluorescence labeling demonstrated that NR1 and IL-17RA co-localize in
neurons of spinal cord ipsilateral to CFA injection. As shown in Fig. 7, IL-17RA
immunoreactivity is completely localized in NR1-immunoreactive neurons in the spinal
cord.

3.4. IL-17 antiserum alleviated hyperalgesia
Before CFA, the overall mean baseline PWL to noxious heat stimuli was similar in all
groups of rats, and there was no significant difference between left and right PWL. After a
0.08 ml injection of CFA into the left hind paw, PWL of that paw was significantly shorter
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than that of the contralateral hind paw, which was unchanged from baseline (Fig. 8A).
Saline injection into the hind paw produced no changes in PWL (Fig. 8B).

In CFA-injected rats, IL-17 antiserum pretreatment dosage-dependently alleviated the CFA-
induced hyperalgesia assessed by the PWL test. A 2 (ipsilateral, contralateral) × 3 (saline,
0.2, and 2 μg IL-17 antiserum) × 3 (baseline, 2, and 24 h) repeated-measures ANOVA
revealed the main effect of drug treatment (F(2, 18) = 3.96, p <0.05), time (F(2, 98) = 22.99,
P<0.001), side (F(1, 98) =99.71, P<0.001), and the interaction of drug treatment and time
(F(4, 98) = 0.34, p= 0.84). Post hoc means comparisons revealed that i.t. IL-17 antiserum at 2
μg/rat significantly increased PWL compared to saline treatment (P<0.05). Contralateral
PWL did not change after the IL-17 antiserum treatment in CFA-injected rats (Fig. 8A), nor
did PWL in saline-injected rats (Fig. 8B). The results indicate that IL-17 antiserum alleviates
inflammation-induced hyperalgesia but does not affect nociception in an uninflamed hind
paw.

3.5. IL-17-protein induced hyperalgesia
IL-17 dosage-dependently induced a significant decrease in PWL of both hind paws. At 10
ng, the PWL did not show any significant changes. At 100–400 ng, the decrease began 2 h
and peaked 24 h after administration; PWL normalized 48 h after the injection (Fig. 9).
Repeated-measures ANOVA revealed the main effect of drug treatment (F(4,31) =7.38, p
<0.001), time (F(3,91) = 15.04, P<0.0001), and the interaction of drug treatment and time
(F(11, 91) = 2.37, p< 0.05). Post hoc means comparisons revealed that i.t. IL-17 at 100 ng and
400 ng/rat significantly decreased PWL compared to saline control (P<0.01 and P<0.0001,
respectively). IL-17 plus its antiserum in naive rats did not differ from saline control. The
analytical results indicate that IL-17 at 100–400 ng/rat induces hyperalgesia that diminishes
48 h post- injection and that IL-17 antiserum pretreatment significantly blocks IL-17-
induced decrease of PWL (Fig. 9).

3.6. IL-17RA, p-NR1 and IL-17 expression during CFA-induced pain
As shown in Fig. 10, IL-17RA, p-NR1, and IL-17 were significantly (P<0.05) higher in the
ipsilateral spinal dorsal horn of CFA-injected rats 2–24 h after a CFA injection than in the
contralateral spinal dorsal horn. These values were also significantly higher in CFA-injected
than saline-injected rats, showing that CFA enhanced IL-17RA and IL-17 expression and
NR1 phosphorylation.

3.7. IL-17 antiserum inhibited CFA- and IL-17-induced NR1 phosphorylation and IL-17RA
up-regulation in the spinal cord

Fig. 11A shows the effects of IL-17 antiserum treatment on NR1 phosphorylation in the
spinal cord. P-NR1 levels were significantly higher in vehicle-treated CFA rats than in
saline-injected control. The levels were significantly lower in CFA-injected rats given 2 μg
IL-17 antiserum than in rats given vehicle (P<0.05). This suggests that IL-17 antiserum
inhibits spinal cord NR1 phosphorylation during peripheral hind paw inflammation. Fig.
11B shows the effect of IL-17 on p-NR1 in the spinal cord of naive rats. IL-17 dosage-
dependently induced NR1 phosphorylation, paralleling the behavioral hyperalgesia induced
by i.t. IL-17. IL-17 antiserum pretreatment significantly blocked IL-17-induced p-NR1.
These data suggest that up-regulated endogenous IL-17 facilitates spinal cord NR1
phosphorylation to promote hyperalgesia.

Fig. 12A shows the effects of IL-17 antiserum treatment on IL-17RA in the spinal cord.
IL-17RA levels were significantly higher in CFA-injected rats than in saline-injected control
rats (P<0.05) and significantly lower in rats given 2 μg IL-17 antiserum than in rats given
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vehicle or 0.2 μg IL-17 antiserum (P<0.05). This suggests that IL-17 antiserum inhibited
CFA-induced IL-17RA up-regulation.

Fig. 12B shows the effect of IL-17 on IL-17RA in the spinal cord of naive rats. IL-17
dosage-dependently increased IL-17RA. IL-17 antiserum pretreatment significantly blocked
such up-regulation. These data suggest that endogenous IL-17 facilitated expression of
IL-17RA to promote hyperalgesia.

4. Discussion
4.1. IL-17 is up-regulated in astrocytes in the spinal dorsal horn

The present study demonstrates that IL-17 increases significantly in the ipsilateral spinal
cord dorsal horn during CFA-induced inflammatory pain. Further, double immunostaining
demonstrated that IL-17 is selectively produced in activated and non-activated astrocytes but
not in microglia or neurons. Paralleling the finding that astrocytes exhibit hypertrophy in the
spinal cord, western blot showed that GFAP was significantly up-regulated in the ipsilateral
spinal dorsal horn. These data are consistent with our previous report that a CFA injection
into the masseter of the rat induced significant GFAP up-regulation in spinal trigeminal
nuclei 0.5 h-7 d post-CFA injection [8]. Our RT-PCR experiment shows that the spinal cord
expresses IL-17 mRNA, and immunostaining data confirm that TH-17 lymphocytes and
monocytes, cells known to produce IL-17 and to infiltrate the brain parenchyma in the EAE
rat model [1], were not present in the spinal cord 24 h post-CFA injection. These data
suggest that spinal cord astrocytes express IL-17 mRNA and IL-17. This is consistent with
previous studies demonstrating that IL-17 was produced in astrocytes in rats with permanent
middle cerebral artery occlusion [17] and in patients with multiple sclerosis [33]. It is noted
that IL-17 mRNA level is much lower in the spinal cord since the RT-PCR product only
appeared after 30–35 cycles, which are not suitable for quantification of IL-17 mRNA with
real time PCR. Thus, we do not know whether there was an up-regulation of IL-17 mRNA
during CFA-induced pain. It is likely that the IL-17 up-regulation is due to the enhanced
translation.

The data suggest that astrocytes release IL-17 during pain. Since IL-17 exhibits
proinflammatory activities similar to those of innate immune cytokines such as IL-1 β [6],
which is up-regulated in the spinal cord during inflammatory pain [25; 28; 32; 38; 42], the
IL-17 released in the spinal cord might be involved in inflammatory pain.

4.2. IL-17 antiserum attenuates inflammatory hyperalgesia
Another main finding of the present study is that i.t. IL-17 antiserum attenuates
inflammatory hyperalgesia. This indicates that endogenous spinal IL-17 promotes
transmission of noxious messages. In support of this, i.t. IL-17 protein significantly induced
a decrease of PWL, which was antagonized by co-treatment with IL-17 antiserum. These
data demonstrate that spinal IL-17 facilitates inflammatory pain. This is consistent with a
prior study in a mouse neuropathic pain model of partial ligation of the sciatic nerve in
which i.t. IL-17 produced thermal hyperalgesia and IL-17 KO mice displayed significantly
decreased microglia and astrocyte activation in the L3–5 spinal cord plus decreased
mechanical pain hypersensitivity [13]. These data suggest that during both inflammatory and
neuropathic pain, spinal IL-17 is involved in the spinal transmission and processing of
noxious inputs that facilitate nociception.

In addition, a previous study in mice demonstrated that local IL-17 concentration increased
significantly over time in methylated bovine serum albumin (mBSA)-injected knee joints, an
intra-knee injection of IL-17 significantly decreased mechanical threshold, and co-treatment
with mBSA and an IL-17 antibody significantly increased mechanical threshold [23].
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Additionally, intra-plantar IL-17 induced significant mechanical allodynia and thermal
hyperalgesia in mice [13; 19], IL-17 levels increased in injured sciatic nerves [15; 22], and
an intra-sciatic nerve injection of recombinant IL-17 induced both mechanical allodynia and
thermal hyperalgesia [13]. These data suggest that peripheral IL-17 plays roles in both
inflammatory and neuropathic pain and substantiate that IL-17 is an important
proinflammatory cytokine in both inflammatory and neuropathic pain.

4.3. IL-17 antiserum decreases spinal NR1 phosphorylation to inhibit pain
It is known that IL-17RA mediates the biological functions of IL-17. Our double
immunofluorescence labeling shows that IL-17RA and NR1 co-localize in spinal neurons.
IL-17RA has also been shown to be expressed in neurons after in vivo hypoxic stress [35].
Our previous study with Fos immunostaining demonstrated that NR1-immunoreactive
neurons are activated during inflammation-induced pain [43], suggesting that NMDAR-
containing neurons might be nociceptive. NMDAR involvement in the transmission of
noxious messages in the spinal cord has been confirmed by electrophysiological and
behavioral studies [4; 14; 26]. Thus the co-existence of IL-17RA and NR1 indicates that
IL-17 might act on spinal NMDA receptor-containing nociceptive neurons to modulate
NMDA receptors and so influence pain transmission.

Interestingly, IL-17 antiserum significantly inhibited inflammation-induced NR1
phosphorylation. Substantial evidence has established that hyperalgesia correlates with
enhanced NR1 phosphorylation in the rat spinal cord [3; 7; 34] and that blockage of NR1
phosphorylation significantly reverses pain [7; 27]. Since NR1 phosphorylation plays a
critical role in the transmission of noxious inputs in the spinal cord, it follows that IL-17
antiserum-produced inhibition of NR1 phosphorylation is associated with attenuation of
inflammatory hyperalgesia.

Moreover, inhibition of NR1 phosphorylation by IL-17 antiserum also indicates that up-
regulated IL-17 enhances NR1 phosphorylation in the spinal cord. This is substantiated by
the fact that i.t. IL-17 significantly increased p-NR1 levels in the spinal cord and decreased
PWL. The data show that IL-17 enhancement of NR1 phosphorylation may contribute to
hyperalgesia.

Regarding mechanisms by which IL-17 enhances NR1 phosphorylation, IL-17 might act
directly on NMDAR-containing neurons as suggested above. It has been demonstrated that
protein kinase C (PKC) is involved in NR1 phosphorylation on serine 896 in the spinal cord
in capsaicin-injected rats [46]. IL-17F might activate PKC in pulmonary microvascular
endothelial cells [40]. Possible IL-17 activation of PKC in neurons warrants further
investigation.

4.4. IL-17 antiserum decreases and IL-17 increases IL-17RA
In the present study, CFA-induced inflammatory pain also up-regulated IL-17RA in the
spinal cord. Our in situ hybridization data demonstrate that IL-17RA mRNA is expressed in
the same region. The real-time PCR data showed that IL-17RA mRNA was not up-regulated
in the spinal dorsal horn during CFA-induced pain. Previous studies demonstrated that IL-17
commonly promotes gene expression by enhancing mRNA stability [10; 12]. This suggests
that IL-17RA up-regulation may be accounted for by enhanced IL-17RA mRNA stability
and protein translation.

Further, the up-regulation of IL-17RA was inhibited by IL-17 antiserum. Since IL-17
antiserum significantly attenuated CFA-induced hyperalgesia, the data suggests that IL-17
antibodies might alleviate pain by decreasing the IL-17RA that promotes transmission of

Meng et al. Page 10

Pain. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



noxious messages in the spinal cord. In support of this, i.t. IL-17 significantly up-regulated
IL-17RA in the spinal cord and decreased PWL; this was prevented by IL-17 antibodies.

In conclusion, the present study demonstrates that CFA-inflammation induces significant
hyperalgesia accompanied by up-regulation of IL-17, IL-17RA, and P-NR1 in the spinal
cord. An IL-17 antibody attenuates inflammatory hyperalgesia and suppresses IL-17RA and
P-NR1. This suggests that spinal IL-17, produced by astrocytes, enhances NR1
phosphorylation to facilitate persistent inflammatory pain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Photomicrographs showing IL-17 expression and co-localization of IL-17 and GFAP in
ipsilateral lumbar spinal superficial laminae 24 h after CFA injection into one hind paw.
Sections were double labeled with anti-IL-17 (green) and anti-GFAP, anti-OX-42, or anti-
NeuN (red). The first column (a–c) is IL-17 immunostaining; the second column (a*–c*) is
immunostaining of the astrocyte marker GFAP, microglia marker OX-42, and neuron
marker NeuN. The third column (a**–c**) shows the merged graphs. The fourth column
(a***–c***) shows images enlarged from the rectangles in a**–c**. The thin arrow (a***)
points to a GFAP-singly labeled, non-activated cell. Yellow cells demonstrate GFAP and
IL-17 double labeling, indicating that IL-17 is localized in astrocytes; thick arrows point to
activated astrocytes that produce IL-17, and the arrow head points to a non-activated
astrocyte that produces IL-17. Scale bars represent 50 μm.
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Fig. 2.
Values of IL-17 immunoreactive astrocytes in the spinal cord (Mean ± SEM). A/B:
Representative photographs showing IL-17 immunoreactive cells in superficial laminae of
the spinal cord 24 h after CFA (A1, A2) or saline (B1, B2) injection. Note that CFA
injection induced more IL-17 than did saline injection. Arrows point to superficial laminae.
C: The number of IL-17-immunoreactive astrocytes was increased in laminae I–II 2 and 24
h post-CFA compared to that of contralateral laminae and to that in saline-injected rats. D:
IL-17 also was significantly increased in both ipsilateral and contralateral spinal laminae V–
VI 2 h, and in ipsilateral laminae V–VI 24 h, post-CFA. E: IL-17 was significantly elevated
in lamina X 2 h post-CFA compared to saline control. * P<0.05 vs. saline-injected
rats; @P<0.05 vs. contralateral laminae. Scale bars represent 50 μm.
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Fig. 3.
Spinal GFAP expression during CFA-induced peripheral inflammation. CFA was
subcutaneously injected into the hind paw. A. A representative GFAP western blot. Note
that GFAP was significantly upregulated in the ipsilateral but not the contralateral spinal
dorsal horn. B. Quantification of relative levels of GFAP. The values were normalized using
saline-injected rats as control (100%). CFA induced a significant increase 2–24 h post CFA-
injection compared to saline-injected control. *P<0.05 vs. saline-injected control
and @P<0.05 vs. contralateral side (n=4 per group).
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Fig. 4.
Expression of IL-17 in the spinal dorsal horn (n=2–3/group). The bands represent the total
PCR product after 50 cycles of amplification.
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Fig. 5.
Expression of the IL-17RA mRNA in the spinal dorsal horn (n=6/group). Expressions are
shown relative to the expression of Hmbs, an internal control. Values are expressed as
means ± SE. There were no significant changes among the groups.

Meng et al. Page 18

Pain. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Representative microphotographs of in situ hybridization staining of the spinal cord. A:
Positive staining of spinal cord using RNAscope Positive Control Probe, POLR2A (cat#
312481). B: Magnification of white box in A; arrows point to cells containing brown,
punctate dots in the cytoplasm. C: Negative staining of spinal cord using RNAscope
Negative Control Probe, DapB (cat# 310043). D: Magnification of white box in C; note that
there are no brown, punctuate dots in the cytoplasm. E: In situ hybridization staining of
spinal cord with IL-17RA probe. F & G: Respective magnifications of white and black
boxes in E; arrows point to cells containing brown, punctate dots in the cytoplasm, which
shows that IL-17RA mRNA was in those cells. The counterstaining demonstrates that the
IL-17RA mRNA-positive cells are oval and round at ~ 7μm. White arrows point to
superficial laminae of the dorsal horn in A, C, and E. Scale bars are 100 μm in A, C, and E
and 10 μm in B, D, F, and G.
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Fig. 7.
Micrographs showing co-localization of NR1 and IL-17RA in lumbar spinal dorsal horn
neurons. Sections were double labeled with anti-IL-17RA (green) and anti-NR1 (red). a:
IL-17RA-immunoreactive neurons in laminae I–II. b: NR1-immunoreactive neurons in
laminae I–II. c: Merged graphs of a and b. d: Magnification of box in c. Arrows indicate
double-labeled NR1/IL-17RA neurons (yellow); scale bars represent 50 μm.
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Fig. 8.
Effects of IL-17 antiserum on PWL in CFA- (A) and saline-injected (B) rats (n = 7/group).
IL-17 antiserum at 0.2 and 2 μg/rat (10 μl) was given (i.t.) three times: 24 h before CFA but
after baseline measurement, and 2 h prior to each of two hyperalgesia tests. A: IL-17
antiserum at 2 μg/rat (i.t.) significantly increased ipsilateral PWL compared to vehicle
control but had no effect on contralateral PWL. *P<0.05 vs. saline-injected control. B: IL-17
antiserum did not alter the PWL in saline-injected rats.

Meng et al. Page 21

Pain. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9.
Effect of IL-17 on left PWL in naive rats (n = 7 per group). IL- 17 at 100–400 ng/rat, given
(i.t.) once after baseline measurement, significantly decreased PWL. IL-17 antiserum at 2
μg/rat prevented PWL decrease. **P<0.01 and ***P<0.001 vs. saline control.
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Fig. 10.
Time course of IL-17RA, p-NR1, and IL-17 expression in the spinal dorsal horn after
inflammation. A: Representative western blots showing that IL-17RA, p-NR1, and IL-17
expression is greater in CFA- than in saline-injected rata, and ipsilaterally than
contralaterally. B–D: Quantification of relative levels of IL17RA (B), p-NR1 (C), and IL-17
(D). IL-17RA, p-NR1, and IL-17 values were normalized using saline-injected rats as a
control (100%). CFA induced a significant increase in IL-17RA, p-NR1, and IL-17 2–24 h
post CFA-injection compared to saline-injected control (CFA vs. saline-injection). *P<0.05
vs. saline-injected control and @P<0.05 vs. contralateral section (n=4 per group).
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Fig. 11.
A: Effects of IL-17 antibody on spinal cord NR1 phosphorylation (n= 4 per group). The
values of NR1 phosphorylation in saline-injected rats were arbitrarily set at 100%. Each bar
is expressed as a percentage of that in the saline-injected rats. CFA induced significant NR1
phosphorylation compared to saline-injected control (CFA + vehicle vs. saline-injection).
IL-17 antibody at 2 μg/rat (i.t.) significantly inhibited spinal cord NR1 phosphorylation
compared to vehicle control. *P<0.05 vs. saline-injected control and @P<0.05 vs. CFA + 2
μg IL-17 antibody. B: Effects of IL-17 on spinal cord NR1 phosphorylation in naive rats.
IL-17 dosage-dependently induced NR1 phosphorylation compared to saline-injected
control. IL-17 antibody at 2 μg/rat (i.t.) significantly inhibited spinal cord NR1
phosphorylation compared to vehicle control. *P<0.05 vs. vehicle and @P<0.05 vs. IL-17 +
2 μg IL-17 antibody.

Meng et al. Page 24

Pain. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 12.
A: Effects of IL-17 antibody on spinal cord IL-17RA (n= 4 per group). The values of
IL-17RA in saline-injected rats were arbitrarily set at 100%. Each bar is expressed as a
percentage of that in the saline-injected rats. CFA induced a significant increase in IL-17RA
compared to saline-injected control (CFA + vehicle vs. saline-injection). IL-17 antibody at 2
μg/rat (i.t.) significantly decreased spinal cord IL-17RA compared to vehicle control.
*P<0.05 vs. saline-injected control and @P<0.05 vs. CFA + 2 μg IL-17 antibody. B: Effects
of IL-17 on spinal cord IL-17RA in naive rats. IL-17 dosage-dependently increased
IL-17RA compared to saline-injected control. IL-17 antibody at 2 μg/rat (i.t.) significantly
inhibited spinal cord IL-17RA compared to vehicle control. *P<0.05 vs. vehicle
and @P<0.05 vs. IL-17 + 2 μg IL-17 antibody.
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