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Abstract  22 

The proinflammatory cytokine Interleukin-17 (IL-17) is produced mainly by Th17 23 

cells and has been implicated in pain regulation. However, synaptic mechanisms by 24 

which IL-17 regulates pain transmission are unknown. Here we report that 25 

glia-produced IL-17 suppresses inhibitory synaptic transmission in spinal cord pain 26 

circuit and drives chemotherapy-induced neuropathic pain. We observed respective 27 

expression of IL-17 and its receptor IL-17R in spinal cord astrocytes and neurons. 28 

Patch clamp recording in spinal cord slices revealed that IL-17 not only enhanced 29 

EPSCs but also suppressed IPSCs and GABA-induced currents in lamina IIo 30 

somatostatin-expressing neurons. Spinal IL-17 was upregulated after paclitaxel 31 

treatment, and intrathecal IL-17R blockade reduced paclitaxel-induced neuropathic 32 

pain. In dorsal root ganglia, respective IL-17 and IL-17R expression in satellite glial 33 

cells and neurons was sufficient and required for inducing neuronal hyperexcitability 34 

after paclitaxel. Together, our data show that IL-17/IL-17R mediate both central and 35 

peripheral neuron-glial interactions in chemotherapy-induced peripheral neuropathy. 36 

Keywords: Interleukin-17; chemotherapy-induced peripheral neuropathy; dorsal root 37 

ganglia (DRG), inhibitory postsynaptic synaptic currents (IPSCs); 38 

somatostatin-expressing neurons; spinal cord 39 
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Introduction  43 

Pro-inflammatory cytokines such as TNF-, IL-1, and IL-18 play important roles in 44 

the pathogenesis of chronic pain (Sommer, 1999, Zelenka et al., 2005, Milligan et al., 45 

2001, Yang et al., 2015, Miyoshi et al., 2008, Sweitzer et al., 1999, Guo et al., 2007). 46 

Increasing evidence suggests that glial cells such as microglia and astrocytes are 47 

activated in pathological pain conditions to produce these pro-inflammatory cytokines. 48 

Especially, these cytokines act as neuromodulators and regulate pain via neuron-glial 49 

interactions (Ji et al., 2013, Grace et al., 2014). Compared to TNF and IL-1, and IL-6, 50 

much less is known about the role of IL-17 in pain regulation. IL-17, referred to as 51 

IL‑17A in the literature, is a proinflammatory cytokine produced by Th17 cells 52 

(Miossec and Kolls, 2012, Korn et al., 2009). The IL-17 family consists of six ligands 53 

(IL-17A–F) and five receptors (IL-17RA–IL-17RE) in mammals, (Gaffen, 2009). 54 

IL-17 was shown to regulate rheumatoid arthritis and immune responses by increasing 55 

the production of IL‑6 and IL-8(Hwang et al., 2004). Binding of IL-17 to its receptor 56 

(IL-17RA) induces the activation of nuclear factor‑κB (NF‑κB) via ACT1 and TNF 57 

receptor‑associated factor 6 (TRAF6) in rheumatoid arthritis(Hot and Miossec, 2011). 58 

However, little is known about non-transcriptional regulation of IL-17. 59 

Recently, IL-17 was found to regulate inflammatory responses associated with 60 

neuropathic pain induced by nerve injury. IL-17 levels are upregulated in the injured 61 

nerves in neuropathic pain models(Noma et al., 2011, Kleinschnitz et al., 2006).  62 

IL-17 receptor (IL-17R) was detected in most neurons in dorsal root ganglion (DRG)  63 
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as well as in cultured DRG neurons (Segond von Banchet et al., 2013, Richter et al., 64 

2012). IL-17A-deficient mice showed less mechanical hyperalgesia compared to 65 

normal mice after zymosan injection(Segond von Banchet et al., 2013) or partial 66 

ligation of the sciatic nerve (Kim and Moalem-Taylor, 2011). Further, Intraplantar 67 

(Kim and Moalem-Taylor, 2011, McNamee et al., 2011) or intra-knee (Pinto et al., 68 

2010) injection of recombinant IL-17 is sufficient to induce hyperalgesia. Notably, 69 

IL-17 can also be produced by spinal cord astrocytes, and astrocytic IL-17 may play a 70 

role in inflammatory  pain (Meng et al., 2013). A recent  study found that 71 

physiological levels of IL-17 can act directly on interneurons to increase their 72 

responsiveness to presynaptic input (Chen et al., 2017). Despite these previous studies, 73 

it remains elusive how IL-17 modulates spinal synaptic transmission in the pain 74 

circuit. 75 

Chemotherapy-induced peripheral neuropathy (CIPN) is a common dose-limiting 76 

adverse effect and results in high incidence of neuropathic pain (Sisignano et al., 77 

2014). There is evidence that spinal astrocytes but not microglia play an important 78 

role in the pathogenesis of paclitaxel-induced neuropathy (Zhang et al., 2012a, Luo et 79 

al., 2017). CIPN enhances excitability of primary sensory neurons associated with 80 

altered gene expression of neuronal ion channels. (Zhang and Dougherty, 2014) and 81 

also increases excitatory synaptic transmission in spinal cord substantia gelatinosa 82 

neurons (Li et al., 2015a).  83 

The somatostatin-positive (SOM
+
) neurons are a subset of interneurons in the dorsal 84 
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horn. There neurons are predominantly excitatory and express the vesicular glutamate 85 

transporter VGLUT2, a marker for glutamatergic excitatory neurons (Duan et al., 2018, 86 

Xie et al., 2018). Recently, Duan et al. demonstrate that SOM
+
 neurons are required to 87 

sense mechanical pain (Duan et al., 2014b). These neurons form a pain circuit by 88 

receiving input from capsaicin-sensitive C-fibers and sending output to lamina I 89 

projection neurons (Todd, 2010, Braz et al., 2014). SOM
+
 also receive input from 90 

inhibitory neurons (Duan et al., 2014b). Furthermore, these neurons exhibit 91 

remarkable plastic changes after inflammation and nerve injury and respond to 92 

inflammatory mediators (Park et al., 2011, Xie et al., 2018, Xu et al., 2010).  Here, 93 

we investigated how IL-17 and IL-17R modulate excitatory and inhibitory synaptic 94 

transmission of SOM
+
 excitatory neurons in the normal and pathological pain 95 

conditions and further tested the involvement of IL-17/IL-17R signaling in 96 

paclitaxel-induced neuropathic pain model. Our findings demonstrate that IL-17 97 

signaling contributes to paclitaxel-induced mechanical allodynia and dysregulations 98 

of excitatory and inhibitory synaptic transmission in spinal SOM
+
 neurons. Moreover, 99 

we reveal new insights into neuron-glial interactions in the spinal cord and DRG, by 100 

which IL-17 produced by astroglia or satellite glia enhance neuronal activities and 101 

excitability to promote neuropathic pain.       102 

 103 

 104 

  105 
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Methods 106 

Animals. Most experiments were performed on adult C57BL/6 mice (8-10 weeks, 107 

male, purchased from Charles River). Some electrophysiology experiments were 108 

conducted in transgenic C57BL/6 mice (5-6 weeks). These mice express tdTomato 109 

fluorescence in somatostatin (SOM
+
) neurons, after Som-Cre mice were crossed with 110 

tdTomato Cre-reporter mice (Rosa26-floxed stop tdTomato mice), both from Jackson 111 

Laboratory, to generate conditional transgenic mice that express tdTomato in SOM
+
 112 

neurons. All the animal procedures were approved by the Institutional Animal Care & 113 

Use Committee (IACUC) of Duke University and Fudan University. 114 

Intraperitoneal (i.p.) injection of paclitaxel (PAX, 6 mg/kg for a single injection or 2 115 

mg/kg for multiple injections at days 0, 2, 4, and 6) was given to generate 116 

chemotherapy-associated neuropathic pain (20). 7 days following the injection, spinal 117 

dorsal horns and CSF were collected.  118 

Reagents and drug injection. We purchased the recombinant mouse IL-17A protein 119 

(R&D System Inc., MN, USA., 421-ML), mouse IL-17 receptor A (IL-17 RA or 120 

IL-17R) antibody (R&D System Inc., MN, USA., MAB4481) and control IgG (R&D 121 

Systems Inc., MN, USA.). GABA, and glycine were obtained from Sigma-Aldrich. 122 

IL-17 was prepared as 1000 fold stock solution in 4 mM HCl and finally used at the 123 

concentration of 10 ng/mL. All compounds were prepared in artificial cerebrospinal 124 

fluid (ASCF).  Picrotoxin, strychnine, AP-5 or CNQX were purchased from Sigma 125 

Company.  126 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted June 12, 2018. ; https://doi.org/10.1101/344945doi: bioRxiv preprint 

https://doi.org/10.1101/344945
http://creativecommons.org/licenses/by/4.0/


 

7 

 

IL-17 or vehicle was delivered to CSF space between L5 and L6 vertebrae via a spinal 127 

cord puncture, which is made by a 30 Gage needle. Before puncture, the mice’ heads 128 

were covered by a piece of cloth. Ten microliters of solution were injected with a 129 

microsyringe. A successful spinal puncture was confirmed by a brisk tail-flick. 130 

ELISA.  ELISA was performed using CSF and spinal cord tissues. The tissues were 131 

homogenized in a lysis buffer containing protease and phosphatase inhibitors (Sigma 132 

Chemical Co), and tissue samples were centrifuged (12,500×g for 10 min) to obtain 133 

extract proteins. CSF was collected from the cisterna magna . For each ELISA assay, 134 

50 μg proteins, or 5 μL of CSF were used. ELISA was conducted according to 135 

manufacturer’s instructions (R&D Systems Inc., MN, USA., Cat# PM1700) and the 136 

standard curve was included in each experiment..  137 

Behavior. Animals were habituated to the testing environment for at least 2 days 138 

before the testing. Animals were kept in boxes on an elevated metal mesh floor. 139 

Mechanical allodynia was assessed by measuring paw withdrawal thresholds in 140 

response to a series of von Frey hairs (0.16-2.0 g, Stoelting Company). The 141 

withdrawal threshold was determined using the Dixon’s up-down method. 142 

Immunohistochemistry. Mice were deeply anesthetized with urethane and were 143 

transcardially perfused with normal saline followed by 4% paraformaldehyde in 0.1 144 

M PB. The L4–L6 segments of the spinal cord were removed and postfixed for 24 h at 145 

4°C, and then dehydrated in gradient sucrose at 4°C. Transverse spinal cord sections 146 

(30 um) were cut on a cryostat (model 1900, Leica). The sections were blocked with 147 
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PBS containing 10% donkey serum and 0.3% Triton X-100 for 2 h at RT and then 148 

incubated for 48 h at 4°C with a mixture of rabbit anti-IL-17 (1:50) and mouse 149 

anti-NeuN (1:2000)/rabbit anti-IBA-1 (1:500)/mouse anti-GFAP (1:2000) antibodies, 150 

or rabbit anti-IL-17R (1:200) and anti-NeuN/GFAP/IBA-1. The sections were then 151 

incubated with a mixture of FITC-conjugated secondary antibodies (1:200; Jackson 152 

ImmunoResearch) for 2h at RT. Negative control was included by the omission of the 153 

primary antibodies. The stained sections were observed and the images captured with 154 

a confocal laser-scanning microscope (model FV1000, Olympus).  155 

Preparation of spinal cord slices and whole-cell patch-clamp recordings. The 156 

L4–L5 lumbar spinal cord segment was rapidly removed under urethane anesthesia 157 

(1.5 - 2.0 g/kg, i.p.) and transferred to ice-cold cutting ACSF containing (in mM) 158 

NaCl 80, KCl 2.5, NaH2PO4 1.25, CaCl2 0.5, MgCl2 3.5, NaHCO3 25, sucrose 75, 159 

ascorbate1.3, sodium pyruvate 3.0, oxygenated with 95% O2 and 5% CO2 , pH 7.4. 160 

Transverse slices (450 μm) were cut on a vibrating blade microtome (Leica VT1200 S) 161 

and incubated in recording ACSF oxygenated with 95% O2 and 5% CO2 for at least 1 162 

h at 32°C before recording. Slices were then transferred to the chamber and perfused 163 

with recording solution at a rate of 3 ml/min at RT. The recording ACSF contains the 164 

following (in mM ): NaCl 125, KCl 2.5,CaCl 2 2, MgCl 2 1, NaH2PO4 1.25, NaHCO3 165 

26, D -glucose 25. 166 

The whole-cell patch clamp recordings were performed in lamina IIo SOM
+
 neurons 167 

in voltage-clamp mode. Patch pipettes (5–10 MΩ) were made of borosilicate glass on 168 
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a horizontal micropipette puller (P-97, Sutter Instruments) analysis. For spontaneous 169 

excitatory postsynaptic currents (sEPSCs) recordings, pipette solution contained (in 170 

mM): potassium gluconate 120, KCl 20, MgCl2 2, Na2ATP 2, NaGTP 0.5, HEPES 20, 171 

EGTA 0.5, adjusted to pH 7.3 with KOH. For spontaneous inhibitory postsynaptic 172 

currents (sIPSCs), pipette solution contained (in mM): CsCl 130, NaCl 9, MgCl2 1, 173 

EGTA 10, HEPES 10, adjusted to pH 7.3 with CsOH. After establishing the 174 

whole-cell configuration, neurons were held at -70 mV to record sEPSCs in the 175 

presence of 100 μM picrotoxin and 2 μM strychnine. Signals were filtered at 2 kHz 176 

and digitized at 5 kHz.  NMDA receptor mediated EPSC was evoked by electrical 177 

stimulation of Lissauer’s tract , using a low Mg
2+

 recording ACSF (2.5 mM Ca
2+

, 0.25 178 

mM Mg
2+

) with CNQX (10 μM ), BMI (10 μM) and strychnine (2 μM) . A constant 179 

current pulse (0.3–0.5mA) at 0.05 Hz was applied to the Lissauer’s tract to evoke 180 

EPSC. When recording NMDA-EPSCs, a holding potential at -40 mV was used as 181 

indicated. GABA current and glycine current were induced by 100 μM GABA and 1 182 

mM glycine, respectively. Data were collected with pClamp 10.1 software and 183 

analyzed with Mini Analysis and Clampfit. 184 

Whole-cell patch clamp recordings in dissociated mouse DRG neurons. DRGs 185 

were aseptically removed from 5-8 week-old mice and digested with collagenase (0.2 186 

mg/ml, Roche)/dispase-II (3 mg/ml, Roche) for 120 min. Cells were placed on glass 187 

cover slips coated with poly-D-lysine and grown in a neurobasal defined medium (10% 188 

fetal bovine serum and 2% B27 supplement) at 37°C with 5% CO2 for 24 h before 189 
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experiments. 190 

Human DRG neuron cultures and whole-cell patch clamp recordings. 191 

Non-diseased human DRGs were obtained from donors through National Disease 192 

Research Interchange (NDRI) with permission from the Duke University Institutional 193 

Review Board (IRB). Postmortem L3–L5 DRGs were dissected from donors and 194 

delivered in ice-cold culture medium to the laboratory at Duke University within 195 

24–72 h of the donor's death. Upon the delivery, DRGs were rapidly dissected from 196 

nerve roots and minced in a calcium-free HBSS (Gibco). Human DRG cultures were 197 

prepared as previously reported (Han et al., 2016, Chang et al., 2018). DRGs were 198 

digested at 37 °C in a humidified O2 incubator for 120 min with collagenase Type II 199 

(Worthington, 290 units/mg, 12 mg/ml final concentration) and dispase II (Roche, 1 200 

unit/mg, 20 mg/ml) in PBS with 10 mM HEPES, pH adjusted to 7.4 with NaOH. 201 

hDRGs were mechanically dissociated using fire-polished pipettes, filtered through a 202 

100 μm nylon mesh and centrifuged for 5 min (500g). The DRG cell pellet was 203 

resuspended, plated on 0.5 mg/ml poly-D-lysine–coated glass coverslips. DRG 204 

cultures were grown in Neurobasal medium supplemented with 10% FBS, 2% B-27 205 

supplement, and 1% penicillin/streptomycin.  206 

Whole-cell patch-clamp recordings in small-diameter (<55 μm) human DRG neurons 207 

were conducted at room temperature. We used an Axopatch-200B amplifier with a 208 

Digidata 1440A (Axon Instruments) to measure action potentials and resting 209 

membrane potential. The patch pipettes were pulled from borosilicate capillaries 210 
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(World Precision Instruments, Inc.). The resistance of the pipettes was 3-4 M, when 211 

filled with the pipette solution. The recording chamber (300 µl) was continuously 212 

superfused at the flow rate of 1-2 ml/min. Series resistance was compensated (> 80%) 213 

and leak subtraction was performed. Data were low-pass-filtered at 2 KHz and 214 

sampled at 10 KHz. The pClamp10.6 (Axon Instruments) software were used during 215 

experiments and Clampfit 10.6 were used for analysis. The pipette solution contained 216 

(in mM): potassium gluconate 126, NaCl 10, MgCl2 1, EGTA 10, Na-ATP 2 and 217 

Mg-GTP 0.1, adjusted to pH 7.3 with KOH. The external solution contained: NaCl 218 

140, KCl 5, CaCl2 2, MgCl2 1, HEPES 10, glucose 10, adjusted to pH 7.4 with NaOH. 219 

In current-clamp experiments, the action potentials were evoked by a current injection. 220 

The resting membrane potential was measured without a current injection. 221 

Data analysis and statistics. All data were expressed as mean ± S.E.M. ELISA and 222 

behavioral data were analyzed using Student’s t-test (two groups) or two-way 223 

ANOVA followed by post-hoc Bonferroni test. Electrophysiological data were tested 224 

using two-way ANOVA followed by post-hoc Bonferroni test or two-tailed paired 225 

t-test. The criterion for statistical significance was p < 0.05.  226 

 227 

 228 

 229 

 230 
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Results 231 

Distinct cellular localization of IL-17 and IL-17R in spinal dorsal horn. As the first 232 

step to define the role of IL-17 and IL-17R in regulating spinal cord synaptic 233 

transmission and CIPN, we examined cellular location of IL-17 and IL-17R in spinal 234 

cord. Double immunofluorescence labeling demonstrated that IL-17 immunoreactivity 235 

(IR) was primarily colocalized with the astrocyte marker GFAP but not with the 236 

neuronal marker NeuN or the microglia marker IBA1 in spinal dorsal horn (Fig. 237 

1A-C). Interestingly, IL-17R-IR showed distinct expression pattern. IL-17 receptor 238 

was predominantly colocalized with NeuN but not with GFAP or IBA1 in the spinal 239 

cord dorsal horn (Fig. 2A-C). The data indicate that IL-17 is expressed by astrocytes 240 

but its receptor is expressed by neurons in spinal cord. Notably, the expression of 241 

IL-17 and IL-17R was enriched in the superficial dorsal horn, where nociceptive input 242 

(C- and A-afferents (Basbaum et al., 2009). These unique expression patterns of the 243 

ligand-receptor pair provide an anatomical base for IL-17 to mediate neuron-glial 244 

interaction in the spinal cord pain pathway.  245 

IL-17 enhances excitatory synaptic transmission and potentiates NMDA-mediated 246 

eEPSC in spinal cord slices. SOM
+
 neurons are excitatory interneurons and 247 

indispensable for mechanical pain (Duan et al., 2014a, Duan et al., 2018). These 248 

neurons also exhibit marked synaptic plasticity in pathological pain conditions (Xie et 249 

al., 2018, Xu et al., 2013). We first recorded spontaneous EPSCs (sEPSCs) in outer 250 

lamina II (IIo) SOM
+
 neurons in isolated spinal cord slices of SOM-tdTomato mice 251 
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(Fig. 3A). Acute perfusion of IL-17, at a low concentration (10 ng/mL, 3 min), 252 

induced a rapid and significant increase in 8 out of 10 neurons in the frequency of 253 

sEPSCs (Fig. 3 B, C, E, p=0.0003), suggesting a possible presynaptic mechanism of 254 

IL-17 to enhance glutamate releases. Notably, IL-17 produced a 57% increase in 255 

sEPSC frequency. Because excitatory synaptic transmission is mainly mediated by 256 

AMPA and NMDA receptors (AMPAR and NMDAR) and NMDAR is critical for 257 

spinal cord synaptic plasticity and pathogenesis of pain (Woolf and Salter, 2000), we 258 

further examined the effects of IL-17 on NMDAR-EPSC evoked by dorsal root entry 259 

zoon (LT) stimulation. The amplitude of NMDAR-EPSC was also significantly 260 

increased by IL-17 (Fig. 3 G, H, 37%, p=0.0077), suggesting a positive regulation of 261 

excitatory synaptic transmission by IL-17. 262 

IL-17 decreases the inhibitory control of SOM
+
 neurons and suppresses GABA- 263 

induced currents. SOM
+
 excitatory neurons receive inhibitory input from inhibitory 264 

neuron (Duan et al., 2014b). We next recorded spontaneous IPSC (sIPSCs) in lamina 265 

IIo SOM
+
 neurons by using a pipette solution containing Cs

2+
. After exposure of 266 

spinal cord slice to IL-17 (10 ng/mL) for 3 min, most neurons (7 out 10) responded to 267 

IL-17. IL-17 produced a significant decrease of sIPSCs in both frequency (Fig. 4A, B, 268 

E, p=0.0039) and amplitude (Fig. 4C, F, p=0.0019). Because inhibitory synaptic 269 

transmission in the spinal cord is mediated by GABA and glycine, two major 270 

inhibitory neurotransmitters (Todd, 2010), we further assessed if IL-17 would also 271 

alter GABA and glycine evoked currents in lamina IIo SOM
+
 neurons. Bath 272 
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application of GABA (100 μM) and glycine (1 mM) induce marked inward currents. 273 

Interestingly, acute application of IL-17 (10 ng/ml) only inhibited GABA-induced 274 

current (Fig. 4D, I, P=0.0016) but had not effect on glycine-induced current in spinal 275 

SOM
+
 neurons (Fig. 4H, J, P=0.2540), suggesting a specific regulation of IL-17 on 276 

GABAR-mediated inhibitory synaptic transmission. 277 

Up-regulation of endogenous IL-17 and IL-17R regulates synaptic plasticity in 278 

paclitaxel-treated mice. We first tested whether paclitaxel alters IL-17 levels in CSF 279 

and spinal cord. The CSF and spinal cord dorsal horns were collected from mice with 280 

confirmed mechanical allodynia at day 7 after paclitaxel treatment. ELISA analysis 281 

demonstrated significant increases in IL-17 levels in the spinal cord dorsal horn and 282 

CSF samples of paclitaxel-treated mice vs. vehicle-treated mice (Fig. 5A,B, 283 

p=0.0092). Also, we found that majority of spinal SOM
+ 

neurons express IL-17R, 284 

providing an anatomical basis for IL-17 to directly regulate the activities of SOM
+ 

285 

neurons (Fig. 5 C).  286 

On the basis of these results, we postulated that IL-17 upregulation after 287 

chemotherapy contributes to spinal cord synaptic plasticity (i.e. central sensitization), 288 

a driving force of pathological pain (Ji, 2017).  We measured the frequency and 289 

amplitude of sEPSCs or sIPSCs of spinal SOM
+ 

neurons in paclitaxel-treated mice 290 

and tested the involvement of endogenous IL-17 in synaptic plasticity after CIPN. 291 

Blocking IL-17R with a neutralizing antibody resulted in opposite changes in 292 

excitatory and inhibitory synaptic transmission in lamina IIo SOM
+ 

neurons of 293 
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paclitaxel-treated animals: a decrease in frequency of sEPSCs (Fig. 5D, E, F, 294 

p=0.0019) but an increase in sIPSC frequency (Fig. 5G, H, p=0.0004) and sIPSC 295 

amplitude (Fig. 5I, p=0.0384) However, control IgG had no effects on sIPSC (Fig. 296 

5G). Thus, endogenous IL-17 is involved in modulating excitatory and inhibitory 297 

synaptic transmission in spinal SOM
+
 neurons via IL-17R after paclitaxel treatment, 298 

suggesting a role of the IL-17-IL-17R pathway in CIPN. 299 

IL-17 increases the excitability of small-sized mouse and human DRG neurons. 300 

Immunostaining revealed that IL-17R is expressed by small-sized mouse DRG 301 

neurons, and some of them bind IB4 (Fig. 6A). This is consistent with a previous 302 

report that IL-17RA is localized in majority of rat DRG neurons (Richter et al., 2012). 303 

In contrast, IL-17 expression was observed in satellite glial cells that express 304 

glutamine synthetase (GS, Supplementary Figure 1). This respective expression of 305 

IL-17 and IL-17R in glia and neurons in the DRG is similar to that observed in the 306 

spinal cord, suggesting that IL-17 and IL-17R can mediate neuron-glial interactions 307 

both in the central and peripheral nervous system.     308 

To determine a role of IL-17 in regulating the excitability of DRG neurons, we tested 309 

the effects of IL-17 on dissociated small-sized mouse DRG neurons (< 25 m in 310 

diameter) using whole-cell patch clamp recordings. Acute application of IL-17 (10 311 

ng/ml) to mouse DRG neurons in vitro induced spontaneous discharge and bursts of 312 

action potentials in some DRG neurons (Fig. 6 B). Also, IL-17 significantly 313 

depolarized the resting membrane potential (Fig. 6 C, p=0.0001) and significantly 314 
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decreased rheobase (Fig. 6 D, p=0.0068). IL-17 bath application also increased 315 

numbers of action potential discharges to suprathreshold current injection (Fig. 6 E, F). 316 

Therefore, IL-17 increases excitability of nociceptive neurons by altering rheobase 317 

and resting membrane potential in nociceptive neurons, leading to enhanced 318 

discharges of action potentials.   319 

To enhance translational potential of this study, we also examined the action of IL-17 320 

in human DRG neurons. An example of small-sized human DRG neuron from 321 

disease-free donors is shown in Figure 6G. Like mouse DRG neurons, human DRG 322 

neurons showed spontaneous action potentials and increased AP firing number during 323 

acute application of human IL-17 (10 ng/ml, Fig. 6 H-J). Also, IL-17 caused 324 

significant depolarization in the resting membrane potential on human DRG neurons 325 

(p = 0.016, Fig. 6K). These findings in isolated mouse and human DRG neurons show 326 

that IL-17 has the potential to directly increase the excitability of primary afferent 327 

neurons.  328 

IL-17R is required for hyperexcitability of mouse DRG neurons after paclitaxel 329 

chemotherapy. Paclitaxel was shown to increase responsiveness and excitability of 330 

mouse and human DRG neurons (Chang et al., 2017, Li et al., 2015b). We compared 331 

the number of APs evoked by a 600-ms current injection through intracellular 332 

electrode in mouse DRG neurons  and tested the effects of paclitaxel after bath 333 

application (1 M, 2 h). Only neurons that showed more than one AP to the 334 

stimulation were included in the analysis. Paclitaxel increased the AP firing numbers 335 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted June 12, 2018. ; https://doi.org/10.1101/344945doi: bioRxiv preprint 

https://doi.org/10.1101/344945
http://creativecommons.org/licenses/by/4.0/


 

17 

 

in small sized neurons compared with the vehicle-treated neurons (Fig. 7A, B). 336 

Strikingly, this excitability increase was suppressed by IL-17RA antibody, as 337 

compared with control IgG (Fig. 7 C, D). This result implies a direct regulation of 338 

neuronal hyperexcitability by IL-17R after chemotherapy.   339 

IL-17 and IL-17R contribute to mechanical hypersensitivity after chemotherapy. To 340 

test a central role of IL-17 in pain modulation, we compared mechanical pain 341 

thresholds of mice following intrathecal injection of IL-17 and vehicle. Spinal 342 

injection of low dose of IL-17 (50 ng, i.t.) resulted in a transient reduction in paw 343 

withdrawal threshold (PWT) in 1 h, but the mechanical allodynia recovered in 2 h 344 

(Fig. 8A). A high dose of IL-17 (100 ng, i.t.) caused a more persistent reduction in 345 

PWT for 3 h, recovering after 5 h (Fig. 8A). These data suggest that IL-17 is sufficient 346 

to induce pain hypersensitivity in naïve animals.    347 

Finally, we investigated the contribution of IL-17R to chemotherapy-evoked 348 

neuropathic pain. A single injection of paclitaxel (6 mg/kg, i.p.) evoked a remarkable 349 

reduction in PWT on day 7, which was reversed by IL-17RA antibody (10 g, i.t.), in 350 

a dose-dependent manner. Intrathecal injection of control IgG (10 g) produced no 351 

changes in PWT (Fig. 8B). The results indicate that IL-17R is required for 352 

maintaining chemotherapy-induced neuropathic pain. 353 

 354 

 355 
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Discussion 356 

We have provided new insights into how IL-17 promotes chemotherapy-induced 357 

neuropathic pain. Our results show that IL-17 and IL-17R regulate neuropathic pain 358 

via multiple mechanisms, including neuron-glial interactions, central sensitization, 359 

and peripheral sensitization (Supplemental Figures 1 and 2). In the spinal cord, IL-17 360 

increases NMDA receptor-mediated currents and facilitates excitatory synaptic 361 

transmission. In particular, IL-17 suppresses inhibitory synaptic transmission by 362 

inhibiting GABA receptor-mediated currents. In the DRG, IL-17 increases neuronal 363 

excitability and IL-17R contributes to paclitaxel-induced nociceptor hyperactivity.   364 

IL-17 and IL-17R mediate neuron-glial interactions both in the central and 365 

peripheral nervous system. Recent progress has demonstrated critical roles of spinal 366 

glial cells in driving chronic pain via production of proinflammatory cytokines and 367 

neuron-glial interactions (Ji et al., 2016, McMahon and Malcangio, 2009, Ren and 368 

Dubner, 2010, Gosselin et al., 2010).  369 

Microglia and astrocytes play different roles in different pain conditions, such as 370 

CIPN. Paclitaxel was shown to induce astrocyte activation but not microglia 371 

activation in the spinal cord (Zhang et al., 2012b). Activation of p38 MAP kinase in 372 

spinal microglia contributes to neuropathic pain after nerve trauma and cancer pain 373 

(Jin et al., 2003, Yang et al., 2015). However, spinal inhibition of p38 MAP kinase 374 

fails to affect chemotherapy-induced mechanical allodynia (Luo et al., 2017). Our 375 

results also highlight a role of astrocytes in CIPN. IL-17 is a T cell-derived cytokine, 376 
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but we found IL-17 immunoreactivity exclusively in GFAP-expressing astrocytes. In 377 

contrast, IL-17R was primarily expressed in spinal cord neurons including SOM
+
 378 

neurons. This unique localization of IL-17 and IL-17R offers a cellular basis for 379 

astroglia-neuro interaction in pain regulation. In parallel, we observed respective 380 

expression of IL-17 and IL-17R in satellite glial cells and neurons in mouse DRG. 381 

Thus, IL-17/IL-17R signaling could promote both central sensitization and peripheral 382 

sensitization via neuron-glial interactions in the CNS and PNS.     383 

IL-17 and IL-17R modulate excitatory synaptic transmission in the spinal cord pain 384 

circuit. Enhanced excitatory synaptic transmission has been shown in spinal cord 385 

neurons including SOM
+
 neurons in various pathological pain conditions (Chen et al., 386 

2015, Yang et al., 2015). Our data indicates that IL-17 is both sufficient and required 387 

for inducing this synaptic plasticity.  Exogenous IL-17 rapidly increased EPSC in 388 

spinal cord slices from naïve animals. Spinal cord slice from paclitaxel-treated 389 

animals exhibited an increase in EPSCs, which was suppressed by IL-17R antibody, 390 

suggesting an endogenous role of IL-17 in CIPN. Mechanistically, IL-17 acutely 391 

enhanced amplitude of NMDA evoked currents following dorsal root stimulation, 392 

suggesting that IL-17 increases NMDAR activity via rapid post-translational 393 

regulation. This is consistent with the previous report that IL-17 acts on spinal 394 

nociceptive neurons co-expressing IL-17R and NR1 to modulate pain (Meng et al., 395 

2013). NMDAR plays a critical role in the induction and maintenance of central 396 

sensitization during persistent pain conditions (Woolf and Thompson, 1991, South et 397 
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al., 2003). It remains to be investigated how IL-17 modulates NMDAR activity. It is 398 

possible that IL-17 activates protein kinases such as  extracellular-regulated kinase 399 

(ERK) and protein kinase C to enhance NMDAR activation and neuronal excitability 400 

(Hu and Gereau, 2003). For example, TNF- increases NMDA currents in spinal cord 401 

lamina IIo neurons via ERK phosphorylation (Xu et al., 2010). Thus, IL-17 plays a 402 

role in spinal pain modulation in part via NMDAR-mediated glutamatergic synaptic 403 

transmission.  404 

Modulation of inhibitory synaptic transmission by IL-17 and IL-17R.  One of the 405 

most interesting findings of this study is profound suppression of inhibitory synaptic 406 

transmission in lamina IIo SOM
+
 neurons. Disinhibition, i.e., loss of inhibitory 407 

synaptic transmission is emerging as a key mechanism of neuropathic pain (Coull et 408 

al., 2003, Zeilhofer et al., 2012a, Lu et al., 2013). Removal of spinal inhibition, 409 

especially presynaptic GABAergic inhibition, not only reduces the fidelity of normal 410 

sensory processing but also provokes symptoms very much reminiscent of 411 

inflammatory and neuropathic chronic pain syndromes (Zeilhofer et al., 2012b, 412 

Takazawa et al., 2017, Chen et al., 2014). Our study shows that exogenous IL-17 413 

rapidly (within a minute) and drastically decreased the frequency and amplitude of 414 

sIPSC. Mechanistically, IL-17 specially suppressed GABA but not glycine induced 415 

currents. Although TNF- and IL-1 were also shown to regulate inhibitory synaptic 416 

transmission in spinal cord neurons (Kawasaki et al., 2008, Zhang et al., 2010, Chirila 417 

et al., 2014), they act on different pain circuits in the spinal cord. Multiple 418 
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mechanisms have been implicated in disinhibition in pathological pain (Zeilhofer et 419 

al., 2012b) . Our data suggest that IL-17 can elicit a very rapid loss of inhibition to 420 

open the spinal gate, which allows low-threshold mechanical stimuli to activate pain 421 

transmission neurons as predicted by the “Gate control theory” (Melzack and Wall, 422 

1965, Wall, 1978). Majority of SOM
+
 excitatory neurons distribute in lamina II. These 423 

neurons not only receive an excitatory input from C- , Aβ- and Aδ-fibers, but also 424 

receive an inhibitory control from inhibitory neurons (Duan et al., 2014b). Thus IL-17 425 

may induce pain via distinct synaptic mechanisms either by increasing excitatory 426 

synaptic transmission or by decreasing inhibition control of SOM
+
 excitatory neurons. 427 

Our working hypothesis is illustrated in Supplementary Fig. 2 428 

Modulation of DRG neuronal excitability after chemotherapy.  Paclitaxel (Taxol) 429 

is a widely used chemotherapeutic agent producing a neuropathy characterized by 430 

pronounced impairment of function in A-beta myelinated fibers, intermediate 431 

impairment of A-delta myelinated fibers, a relative sparing of C-fibers (Dougherty et 432 

al., 2004) and mechanical hypersensitivity (hyperalgesia and allodynia) (Polomano et 433 

al., 2001, Fossiez et al., 1996). Mechanical allodynia after paclitaxel is in part 434 

mediated by A-beta fibers (Xu et al., 2015). Paclitaxel increases excitability of DRG 435 

neurons via regulating the expression and function of ion channels such as TRPV1, 436 

TRPV4, HCN1, Nav1.7, leading to  increased excitatory synaptic input to spinal 437 

cord SG neurons (Zhang and Dougherty, 2014, Li et al., 2015a, Chang et al., 2018). 438 

Peripheral mechanisms of pain modulation by IL-17 have been investigated. For 439 
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example, IL-17 sensitizes joint nociceptors to mechanical stimuli to facilitate arthritic 440 

pain (Richter et al., 2012). It was also reported that neuronal IL-17R regulates 441 

mechanical but not thermal hyperalgesia by upregulation of TRPV4 but not TRPV1 in 442 

DRG neurons (Segond von Banchet et al., 2013). We observed rapid excitability 443 

increase in both mouse and human DRG neurons following IL-17 treatment, 444 

suggesting a possible post-translational modulation of some key ion channels, such as 445 

sodium channels. Our work in progress shows that IL-17 also increased sodium 446 

currents (data not shown). Interestingly, we found that the enhanced excitability in 447 

paclitaxel-pretreated small mouse DRG neurons can be abolished by a neutralizing 448 

antibody against IL-17R antibody. Since the recordings were conducted in dissociated 449 

neurons and physiological concentration of IL-17 is not present in culture medium, 450 

our result suggests a possibility that IL-17R may direct regulate neuronal activity in 451 

the absence of IL-17. Future study will examine how IL-17R interacts with ion 452 

channels such as Nav1.7. We should not rule out the possibility that satellite glial cells 453 

may also be attached to neurons in our culture conditions to communicate with 454 

neurons by releasing IL-17. Our working hypothesis of peripheral glial regulation of 455 

chemotherapy-evoked neuropathic pain via IL-17/IL-17R signaling is illustrated in 456 

Supplementary Fig. 3. 457 

Translational potential. IL-17 levels in sciatic nerves are elevated after nerve injuries 458 

(Noma et al., 2011). Our data show that IL-17 levels are also elevated in CSF and 459 

spinal cord in paclitaxel-treated mice. Importantly, intrathecal injection of IL-17 RA 460 
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antibody effectively alleviated paclitaxel-induced neuropathic pain. Chemotherapy 461 

has been shown to activate cancer-associated fibroblasts to renewal cancer-initiating 462 

cells and maintain colorectal cancer by IL-17 secretion (Lotti et al., 2013). Thus, 463 

targeting IL-17 signaling may not only alleviate neuropathic pain but also improve 464 

anti-cancer efficacy after chemotherapy. The translational potential of this study is 465 

enhanced by demonstrating hyperexcitability of human sensory neurons in response to 466 

IL-17. IL-17 blockers have been developed for treating inflammatory diseases such as 467 

psoriasis and arthritis (Kivelevitch and Menter, 2015). Brodalumab (Kyntheum®) is a 468 

human anti-interleukin-17 receptor A (IL-17RA) monoclonal antibody available for 469 

use in patients with moderate to severe plaque psoriasis (Blair, 2018). Since mouse 470 

IL-17RA antibody is effective in suppressing neuronal hyperexcitability after 471 

paclitaxel, Brodalumab could be used to treat CIPN and neuropathic pain.   472 

 473 

  474 
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Figures and figure legends 745 

 746 

 747 

Figure 1. Photomicrographs 748 

showing IL-17 expression 749 

and colocalization of IL-17 750 

with GFAP in spinal dorsal 751 

horn (SDH). Double labeling 752 

of IL-17 with astrocyte 753 

marker GFAP (A), neuron 754 

marker NeuN (B), and 755 

microglia marker IBA1 (C) in 756 

SDH. The white square in the 757 

top image is enlarged in three 758 

separate boxes with single and 759 

merged images in each picture 760 

(A, B and C). The scale bars 761 

represent 50 μm (top) and 20 762 

μm (bottom). 763 

 764 

 765 

 766 

 767 

 768 

 769 
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 770 

 771 

 772 

Figure 2. Photomicrographs 773 

showing IL-17 receptor 774 

(IL-17R) expression and 775 

colocalization of IL-17R with 776 

NeuN in SDH. Double labeling 777 

of IL-17R with astrocyte marker 778 

GFAP (A), neuron marker NeuN 779 

(B), and microglia marker IBA1 780 

(C) in SDH. The white square in 781 

the top image is enlarged in three 782 

separate boxes with single and 783 

merged images in each picture (A, 784 

B and C). The scale bars 785 

represent 50 μm (top) and 20 μm 786 

(bottom). 787 

 788 
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 793 
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 795 

 796 

Figure 3. Potentiation of excitatory synaptic transmission by IL-17 in SDH 797 

lamina IIo SOM
+
 neurons. (A) Mouse spinal cord slice image showing a recording 798 

electrode in a SOM
+
 neuron (red circle). (B) Traces of sEPSCs in lamina IIo SOM

+
 799 

neurons after perfusion of IL-17 (10 ng/mL, 2 min). a1 and b1 are enlargements of the 800 

recordings before and after IL-17 treatment, respectively. (C, D) Quantification of 801 

changes in frequency and amplitude of sEPSCs (n=8 neurons/group). (E, F) 802 

Corresponding cumulative distributions of inter-event interval and amplitude from 803 

one neuron. (G) Traces of NMDA-eEPSC before (black) and after (red) IL-17 804 

treatment. (H) Potentiation of the amplitude of NMDA-eEPSC by IL-17 (n=6). ** 805 

P<0.01, ***P<0.001, two-tailed paired student’s test. ns, not significant. All the data 806 

were mean ± S.E.M. 807 

 808 

 809 

 810 

 811 
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 813 

Figure 4. Suppression of inhibitory synaptic transmission in SOM
+
 excitatory 814 

neurons by IL-17 in spinal cord slices. (A) Typical traces of sIPSC in lamina II 815 

SOM
+
 neurons after perfusion of IL-17 (10 ng/mL, 2 min). a1 and b1 are 816 

enlargements of the recordings before and after IL-17 treatment, respectively. (B, C) 817 

Quantification of changes in frequency and amplitude of sIPSC (n=7, neurons/group). 818 

(D) Traces of GABA-induced current before (left) and after (right) IL-17 treatment. 819 

100 μm GABA was applied for 3 seconds to induce an inward current. (E, F) 820 

Corresponding cumulative distributions of inter-event interval and amplitude from 821 

one neuron. (G) Traces of glycine-induced current before (left) and after (right) IL-17 822 

treatment. 1 mM glycine was applied for 3 seconds to induce an inward current. (H) 823 

Suppression of the amplitude of GABA-induced current by IL-17 (n=6 824 

neurons/group). (I) No changes in the amplitude of glycine-induced current by IL-17 825 

(n=4).** P<0.01, two-tailed paired student’s test. ns, not significant. All the data were 826 

mean ± S.E.M. 827 

 828 

 829 
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 830 

Figure 5. Endogenous IL-17 regulates synaptic transmission in paclitaxel-treated 831 

mice via IL-17R. (A, B) ELISA analysis showing IL-17 levels in SDH (A) and CSF 832 

(B) samples of control and paclitaxel treated mice. The samples were collected 7 d 833 

after the paclitaxel treatment. * P<0.05, ** P<0.01, two-tailed unpaired student’s test. 834 

n=6 animals/group. Sample sizes are indicated in each graph. (C) IL-17R expression 835 

in SOM
+
 neurons in SDH. Scale bar: 50 μm. (D) Traces of sEPSCs in lamina IIo 836 

SOM
+
 neurons following paclitaxel treatment before and after perfusion of IL-17 837 

receptor A antibody (IL-17RA Ab, 0.5 μg/mL, 2 min). (E, F) Quantification of change 838 

in frequency and amplitude of sEPSCs (n=7). (G) Typical Traces of sIPSC in lamina 839 

II SOM
+
 neurons 7 days following paclitaxel treatment before and after perfusion of 840 

IL-17RA Ab (0.5 μg/mL, 2 min). (H, I) Quantification of changes in frequency and 841 

amplitude of sIPSC (n=9). * P<0.05, ** P<0.01, *** P<0.001, two-tailed paired 842 

student’s test. ns, not significant. All the data were mean ± S.E.M. 843 
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844 

Figure 6. IL-17 increases the excitability of dissociated mouse DRG (mDRG) and 845 

human DRG neurons. (A) IL-17R expression in mDRG neurons. Scale bar: 50 μm. 846 

(B) Acute application of IL-17 (10 ng/mL) evoked spontaneous action potentials (APs) 847 

in mDRG neurons. (C, D) The effects of IL-17 on resting membrane potential (C) and 848 

rheobase (D). ** P<0.01, *** P<0.001, two-tailed paired student’s test; n = 6 849 

neurons/group. (E) Traces of APs in small-sized mDRG neurons before and after 850 

perfusion of IL-17. (F) Quantification of firing frequency of action potentials as 851 

shown in e. * p < 0.05, ** P<0.01; two-way ANOVA; n = 7 neurons/group. (G-J) 852 

Whole-cell recording in dissociated small-diameter (<55 m) human DRG neurons. 853 

(G) Image of an isolated human DRG neuron with the tip of a pipette during patch 854 

clamp recording. Scale bar: 20 μm. (H, I) The representative traces of action 855 

potentials.  (H) Acute application of IL-17 (10 ng/mL) evoked spontaneous APs in a 856 

human DRG neurons. (I) Representative AP waveforms for the neuron (G) evoked by 857 

direct current injection before and after 2 min of acute perfusion with IL-17. (J) 858 

Quantification of firing frequency of action potentials. * P<0.05, ** P<0.01; two-way 859 

ANOVA; n = 3 neurons. (K) Quantification of RMPs before and after IL-17 treatment 860 

(10 ng/mL). *P <0.05, **P<0.01; paired t-test; n = 8 neurons. 861 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted June 12, 2018. ; https://doi.org/10.1101/344945doi: bioRxiv preprint 

https://doi.org/10.1101/344945
http://creativecommons.org/licenses/by/4.0/


 

38 

 

 862 

 863 

Figure 7. IL-17 Receptor A neutralizing antibody inhibits the hyperexcitability of 864 

small-sized mouse DRG (mDRG) neurons following paclitaxel treatment. (A) 865 

Traces of APs in mDRG neurons evoked by direct current injection pretreated with 866 

vehicle or 1 μM paclitaxel for 3 h. (B) Quantification of APs firing frequency 867 

pretreated with vehicle or paclitaxel. * p < 0.05; two-way ANOVA; and n = 7 868 

neurons/group. (C) Traces of APs after application of Control IgG or IL-17RA Ab 869 

(0.5 μg/mL, 2 min) in paclitaxel pretreated mDRG neurons. (D) Quantification of APs 870 

firing frequency as shown in D. * p < 0.05, ** P<0.01; two-way ANOVA; and n = 7 871 

neurons. 872 

 873 
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 874 

Figure 8. IL-17 and IL-17 receptor A (IL-17RA) contribute to paclitaxel-induced 875 

neuropathic pain. (A) Intrathecal injection of IL-17 induces a transient and 876 

dose-dependent mechanical allodynia (i.e. reduction in PWT). (B) Mechanical 877 

allodynia, induced by paclitaxel (6 mg/kg, i.p.), is attenuated by intrathecal injection 878 

of IL-17RA Antibody (1 and 10 g). * P < 0.05; **P < 0.01; ***P< 0.001; vs. control 879 

IgG (10 g, i.t.), two-way ANOVA; n = 5 mice/group. 880 

 881 
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Supplementary Figure 1 892 

 893 

S1. Colocalization of IL-17 (red) with satellite glial marker glutamine synthetase 894 

(GS, green). Scale bar: 50 μm. The inserts are enlarged images. Scale bar: 10 μm. 895 
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Supplementary Figure 2 913 

 914 

 915 

S2. A schematic showing how IL-17 modulates excitatory synaptic transmission 916 

(A) and inhibitory synaptic transmission (B) in spinal SOM
+
 neurons to induce 917 

central sensitization and pain hypersensitivity . (A) IL-17 is released from 918 

activated astrocytes and acts on IL-17R on presynaptic terminals and postsynaptic 919 

SOM
+
. Activation of presynaptic IL-17R results in increased glutamate release, 920 

whereas activation of postsynaptic IL-17R also enhances NMDAR activity.     921 

 (B) IL-17 is also expressed by inhibitory neurons and facilitates GABA release to 922 

inhibit an inhibitory neuron, leading to a reduction in presynaptic inhibitory control of 923 

spinal SOM
+
 neurons. This disinhibition will also cause hyperactivity in SOM

+
 924 

neurons. 925 
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 926 

Supplementary Figure 3 927 

 928 

S3. A schematic showing IL-17-induced neuron-glial interaction in DRG. IL-17 is 929 

expressed by satellite glial cells. Following chemotherapy, IL-17 released from 930 

satellite glia acts on IL-17R on nociceptive neurons to increase neuronal excitability 931 

and induce peripheral sensitization. 932 
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