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Interleukin 6 decreases nociceptor expression of the potassium 
channel KV1.4 in a rat model of hand-arm vibration syndrome

Pedro Alvarez1, Oliver Bogen1, Jon D. Levine1,2,*

1Department of Oral and Maxillofacial Surgery, University of California, San Francisco, USA

2Department of Medicine, University of California, San Francisco, USA

Introduction

Since its initial description as an occupational disease over a hundred years ago,6,43 the 

Hand-Arm Vibration Syndrome (HAVS) has been considered as one of the most disabling 

forms of persistent pain due to ergonomic injury.14,16,39 It is estimated that in the U.S. 

approximately 2.5 million workers are exposed daily to harmful vibration 45, whereas 

workplace prevalence of HAVS reaches up to 50% of the power tools users 45. HAVS is 

typically described as a persistent pain and tingling of the affected extremities. 13,39 Reduced 

tactile sensitivity or numbness are also observed. 13,39 Symptoms of autonomic dysfunction 

are often observed in HAVS 6,13,21,23,39,43,45,50, such as enhanced sympathetic activation 

and vasoconstriction of digital arteries 21, the so-called vibration-induced white finger or 

occupational (secondary) Raynaud’s phenomenon 6,13,21,23,43,45,50. Although all of these 

symptoms can be disabling, muscle pain is the most consistent complaint14,16 and the most 

important predictor for poor quality of life in HAVS patients.16 Unfortunately, pain 

management in HAVS is not based on controlled clinical trials and is devoid of mechanistic 

rationale.14,16,29,39

We have developed a preclinical model of HAVS wherein a rat’s hind limb is submitted to a 

bout of low-frequency mechanical vibration, comparable to that produced by power tools.
7,10,36 This controlled ergonomic intervention induces long lasting mechanical hyperalgesia 

in the ipsilateral gastrocnemius muscle.2,7,9,10 Single fiber electrophysiology recordings 

from sensory afferents innervating the gastrocnemius muscle of rats exposed to this HAVS 

model display reduced threshold and, upon mechanical stimulation, long-lasting high-firing 

rates, consistent with nociceptor hyperexcitability.7 Using this model we have observed that 

knockdown of the transducer subunit glycoprotein 130 (gp130) of the interleukin 6 (IL-6) 

receptor, in nociceptors, prevented both hyperexcitability and concomitant muscle 

mechanical hyperalgesia, supporting a role for IL-6 in the induction of HAVS.7 While these 

findings are in line with the well-established role of IL-6 in preclinical models of persistent 

muscle pain,3,4,26,28 the underlying mechanism remains unknown.
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Voltage-gated potassium channels (KV) play a prominent role in modulating the resting 

membrane potential, the shape of action potentials and repolarization. Thus, their expression 

is posited to play an important role in nociceptor excitability.44,51 Indeed, evidence shows 

that there is a decreased expression of KV channels in nociceptors after inflammation15,42,47 

or nerve injury20,37,49, conditions where concomitant nociceptor hyperexcitability and 

pathological pain are observed.44,51 Interestingly, it has been shown that gp130-deficient 

nociceptors exhibit reduced excitability, increased KV currents and up-regulation of KV1.4 

expression in dorsal root ganglion (DRG) neurons.24 Furthermore, mice bearing this 

conditional null mutation display high mechanical nociceptive threshold and reduced 

mechanical hypersensitivity in inflammatory, neuropathic and cancer pain models.5,35 These 

observations suggest that intracellular signaling through gp130 likely acts as an endogenous 

break for the expression of KV1.4,24 providing a plausible mechanism for IL-6 induced 

nociceptor hyperexcitability and mechanical hyperalgesia. Since HAVS exhibits some 

clinical and pathophysiological features consistent with an ongoing pro-inflammatory 

response,22 and our preclinical model is sensitive to knockdown of gp130 in muscle 

nociceptors,7 we tested the hypothesis that IL-6 contributes to vibration-induced muscle 

hyperalgesia signaling, through gp130, to decrease nociceptor expression of KV1.4.

Methods

Animals

Experiments were performed in adult male Sprague Dawley rats (250–450 g; Charles River 

Laboratories, Hollister, CA). Animals were housed in the animal care facility of the 

University of California, San Francisco, under environmentally controlled conditions (21°C–

23°C; 12-hour alternating light–dark cycle; food and water ad libitum). Animal care and use 

adhered to the guidelines set by the National Institutes of Health and all studies were 

conducted in accordance with the United States Public Health Service’s Policy on Humane 

Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committee at 

the University of California, San Francisco approved all experimental protocols. Concerted 

effort was made to minimize the number of animals used and their suffering.

Hand-arm vibration syndrome (HAVS) model

One hind limb of a rat was subjected to mechanical vibration with a laboratory vortex mixer, 

as previously described.2,7,9,10 Rats were anesthetized with 2.5% isoflurane in oxygen and 

their right hind limb affixed to the platform of a vortex mixer (Digital Vortex Genie II; 

Thermo Fisher Scientific, Waltham, MA) with Micropore surgical tape (3M Health Care, St. 

Paul, MN) so that the knee and ankle joint were both at 90°, without rotational torque on the 

leg. Each hind limb was vibrated at a frequency of 60 to 80 Hz with a 5 mm peak-to-peak 

displacement amplitude for 15 minutes. These vibration frequencies are within the range 

produced by hand-held power tools (35–150 Hz).36

Measurement of mechanical nociceptive threshold

Mechanical nociceptive threshold in the gastrocnemius muscle was quantified using a 

Chatillon digital force transducer (model DFI2; Amtek Inc, Largo, FL), as previously 

described.4,9,10 Approximately 24 h after administration of the vibration protocol, rats were 
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lightly restrained in a cylindrical acrylic restrainer that allows for easy access to the hind 

limb for mechanical nociceptive threshold testing. A 7-mm diameter probe was used to 

stimulate the belly of the gastrocnemius muscle with an increasing compression force. The 

nociceptive threshold was defined as the force (mN) at which the rat withdrew its hind leg. 

Rats were placed in restrainers where they were trained with the force transducer for 4 

consecutive days before measuring baseline mechanical nociceptive threshold. Baseline 

nociceptive withdrawal threshold was defined as the mean of 3 readings taken at 5-min 

intervals. The magnitude of hyperalgesia was calculated as the percentage decrease from the 

baseline withdrawal threshold. Behavioral experiments were performed blind to treatment 

group. Upon completion of experiments rats were killed by carbon dioxide asphyxiation 

followed by bilateral thoracotomy.

Drugs and reagents

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich (St. Louis, MO). 

A function blocking IL-6 antibody (AF506, lots BC0617012 and BCZ0617012), produced in 

goats immunized with purified Escherichia coli-derived rrIL-6, was obtained from R&D 

Systems Inc (Minneapolis, MN). The lyophilized IL-6 antibody was diluted to 400 ng/µl in 

0.1% bovine serum albumin (BSA) in Dulbecco’s phosphate-buffered saline without 

calcium and magnesium salts (DPBS, UCSF Cell Culture Facility), and injected into the 

belly of the gastrocnemius muscle 6 h after exposure to vibration in a dose of 50 µg (50 µl 

volume).

Intrathecal injection of antisense oligodeoxynucleotides

To evaluate the role of nociceptor expression of different targets in vibration-induced 

mechanical hyperalgesia, we attenuated their expression using intrathecal (i.t.) injections of 

antisense oligodeoxynucleotides (AS ODN) directed against gp130 or KV1.4 mRNAs. These 

ODN sequences have been previously reported to produce specific protein knockdown and 

behavioral changes consistent with such a decrease in protein expression in the rat.30,41

The 20-mer AS ODN sequence 5′-GCC ACC TCC ATG GTG GTA GT-3′ (GenBank 

accession number NM_012971.2) was used to produce specific knockdown of KV1.4 protein 

(Meiri et al., 1998). The control sense (SE) ODN sequence was 5′-ACT ACC ACC ATG 

GAG GTG GC-3′.30

The 19-mer AS ODN sequence 5’-TCC TTC CCA CCT TCT TCT G-3’ (ODN position 

within the complementary DNA sequence 1834–1852, GenBank accession number 

M92340), was directed against a unique sequence of rat gp130 mRNA.41 The MM ODN 

sequence, 5’-TAC TAC TCA CAT TCA TCA G-3’, corresponds to the gp130 subunit AS 

sequence with six mismatched bases denoted by boldface.

The ODNs were synthesized by Invitrogen (San Francisco, CA), dissolved in sterile 0.9% 

NaCl (B. Braun Medical Inc., Irvine, CA) to a concentration of 10 μg/μl and stored in 40 μl 

aliquots at −20°C until use. Immediately before injection aliquots were further diluted in 

sterile 0.9% NaCl to 4 μg/μl and 20 μl injected i.t. daily for three consecutive days under 
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brief anesthesia with 2.5% isoflurane as previously reported.3,4,7,10 Tail flick was 

systematically checked to ensure proper i.t. injections.31

Tissue harvesting and Western blot analysis

Rats were euthanized by exsanguination, while under deep isoflurane anesthesia, 24 h after 

the vibration protocol. Ipsilateral L4 and L5 DRGs were quickly dissected out and 

immediately placed on dry ice, and then stored at −80°C until use for further analyses. The 

ipsilateral gastrocnemius muscle was dissected out and placed in a 50 ml centrifuge tube 

containing a homogenization buffer solution supplemented with a 2× protease inhibitor 

cocktail (Roche Diagnostics, Indianapolis, IN). Muscle tissue was then homogeneized using 

a Tissue Tearor™ homogeneizer, centrifuged for 15 min at 4°C and 3750 rpm and 

supernatants stored at −80°C. To determine whether vibration induces changes in the 

expression of KV1.4 and gp130 in DRGs, and IL-6 in the gastrocnemius muscle, Western 

blot analyses were performed, as previously described 1,9. Ipsilateral L4-L5 DRGs were 

transferred into cold homogenization buffer (150 mM NaCl, 10 mM EDTA, 2% sodium 

dodecyl sulfate, 50 mM Tris-HCl, pH 7.4), supplemented with a 2× protease inhibitor 

cocktail and then homogenized manually. Proteins were solubilized by incubating the DRG 

extracts at 37°C and 1400 rpm for 2 h in an Eppendorf Thermomixer (Eppendorf AG, 

Hamburg, Germany). Proteins were then extracted by a 15 min centrifugation 1400 rpm. The 

protein concentration of muscle and DRG extracts was determined using the micro BCA 

Protein Assay Kit (Pierce Biotechnology, Rockford, IL) with BSA as the standard. Forty (to 

assess gp130 and KV1.4 expression in L4-L5 DRG homogenates) or 100 (to assess IL-6 

expression in gastrocnemius muscle homogenates) μg of protein per sample were mixed 

with 4x sample buffer [62.5 mM Tris. HCl, pH 6.8, 3% SDS, 10% glycerol, 5% β-

mercaptoethanol, 0.025% bromophenol blue), denatured at 90°C for 10 min and 

electrophoresed on a 4% to 15% precast polyacrylamide gel (Biorad, Hercules, CA) in 25 

mM Tris containing 192 mM glycine and 0.1% sodium dodecyl sulfate. Proteins were then 

transferred to a nitrocellulose membrane using the semidry method (transfer time 1 h at 10 

V). The nitrocellulose membranes were saturated by shaking in antibody dilution buffer (5% 

BSA in Tris-buffered saline containing 0.1% Tween 20 and 0.02% NaN3 [TBST]) for 1 h at 

room temperature (RT), cut in half at around 50kDa and then incubated with the primary 

antibodies: rabbit anti-gp130 (1:500; M20; Santa Cruz Biotechnology, Santa Cruz, CA), 

rabbit anti-KV1.4 (1:500, APC167, Alomone Labs, Jerusalem, Israel), rabbit anti-IL-6 

(1:500; ab83339, Abcam, Cambridge, MA), rabbit anti-β-actin (1:1000; ab8227; Abcam), or 

rabbit anti-Grk2 (1:500, sc562, Santa Cruz) primary antibodies in TBST, at 4°C overnight. 

After 3 washes with TBST (RT, 15 min each), the membranes were probed with a donkey 

anti-rabbit horseradish peroxidase-conjugated antibody (1:2500, NA934V; GE Healthcare 

Life Sciences, Piscataway, NJ) for 2 h at RT. Western blots were washed 3 times with TBST 

(RT, 15 min each) and immunoreactivities visualized using a chemiluminescence detection 

kit (SuperSignal™ West Femto Maximum Sensitivity Substrate, Thermo Fisher Scientific). 

Results were analyzed using computer-assisted densitometry and immunoreactivity levels 

for each protein target were normalized with respect to the β-actin for gp130 and KV1.4, or 

Grk2 for IL-6, control levels. Grk2 is moderately but constitutively expressed by skeletal 

muscle tissue. Moreover, the Grk2 expression level is not affected by vibration injury. 

Therefore, Grk2 is an excellent reference candidate for the quantification of proteins whose 
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muscular expression level is low to moderate and whose expression level is affected by 

vibration injury.

Statistical analysis

Group data are expressed as mean ± SEM of n independent observations. Statistical 

comparisons were made using GraphPad Prism 6.0 statistical software (GraphPad Software 

Inc., La Jolla, CA). Comparisons between treatments were made by means of Student’s t test 

or two-way repeated measures analysis of variance (ANOVA) followed by Bonferroni 

multiple comparisons test. P < 0.05 was considered statistically significant.

Results

Vibration induces mechanical hyperalgesia and increased levels of IL-6 in muscle

Consistent with our previous reports,2,7,9,10 in the HAVS model rats exhibited a robust 

decrease in mechanical nociceptive threshold (i.e. hyperalgesia) in the gastrocnemius muscle 

24 h after vibration compared to controls (−35.2 ± 1.7% vs −0.7 ± 0.8%, n=5/group, P < 

0.001, Fig. 1A). In parallel experiments, an increase in local expression of IL-6 protein (33.7 

± 9.7% to Grk2 house keeping protein) was observed in extracts from the gastrocnemius 

muscle of HAVS rats compared to control (naïve) rats 24 h after exposure to vibration (n=6/

group; P < 0.05, Fig. 1B,C). To assess the role of increased muscle levels of IL-6 in 

vibration-induced muscle hyperalgesia, we tested the effect of a local injection of a 

neutralizing anti-rat IL-6 antibody 6 h after vibration. This treatment (n=5), but not vehicle 

(n=5), significantly reversed the muscle hyperalgesia observed 6 h (−25.5 ± 2.3 vs −32.7 

± 1.9%, P < 0.05) and 24 h (−18.6 ± 2.2 vs −36.7 ± 0.9, P < 0.001) after vibration, 

confirming the involvement of local IL-6 mediating pain in the HAVS model (Fig. 1D).

Vibration induces down-regulation of KV1.4 in nociceptors

To evaluate whether nociceptor hyperexcitability observed after vibration7 is associated with 

changes in the expression of KV1.4, Western blot analysis of L4-L5 DRG extracts was 

performed. A significant decrease in KV1.4 expression (−25.6 ± 10.1% to β-actin house 

keeping protein), was observed one day after exposure to vibration in HAVS rats compared 

to naïve controls (n=6/group, P < 0.05; Fig. 2A,B). To assess whether such a decreased 

expression is functionally meaningful (i.e., it is associated with mechanical hyperalgesia), 

we knocked down the expression KV1.4 in normal rats by means of an i.t. AS treatment and 

evaluated its effect on mechanical nociceptive threshold. One day after the last of 3 ODN 

injections, the nociceptive threshold was significantly reduced in the AS group compared to 

SE control group (−26 ± 1.6% vs 2.6 ± 1.2%, n=6/group; P < 0.0001; Fig. 2C). Compared to 

SE, the mechanical hyperalgesia induced by AS was significant for up to 7 days after the last 

ODN injection (−8.2 ± 0.7% vs 0.6 ± 1.1%, P < 0.0001; Fig. 2C), and fully recovered by day 

10 (0.2 ± 0.7% vs 1.4 ± 1.2%, P < 0.0001; Fig. 2C), indicating that nociceptor down-

regulation of KV1.4 is sufficient to produce muscle hyperalgesia.

Vibration-induced down-regulation of KV1.4 is gp130 dependent

Evidence indicates that gp130-dependent IL-6 signaling regulates the expression of KV1.4 in 

nociceptors 24. We have shown that several proalgesic mediators, including glial cell-derived 
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neurotrophic factor, IL-6 and tumor necrosis alpha, are likely involved in vibration-induced 

hyperalgesia.2,7,10 Therefore, we explored whether the down-regulation of KV1.4 observed 

in the HAVS model specifically depends on nociceptor gp130 expression. Preventive i.t. 

treatment with AS ODN directed against gp130, compared to MM control, attenuated 

vibration-induced mechanical hyperalgesia (−24.9 ± 2.9% vs −32.9 ± 2%, n=6/group, P < 

0.01; Fig. 3A). Furthermore, Western blot analyses of DRG extracts from these rats showed 

that AS, compared to MM, attenuated both, the vibration-induced down-regulation of KV1.4 

(increase of 37.3 ± 11.3%, n=6/group, P < 0.05), and gp130 expression (decrease of −59 

± 7.5%, n=6/group, P < 0.01), as shown by respective ratios to β-actin used as a house 

keeping protein (Fig. 3B–C).

Discussion

HAVS is an extremely painful and disabling occupational disease, which still lacks effective 

treatment. While sensory dysfunction and persistent pain, concomitant to nociceptor 

hyperexcitability,7 suggest a neuropathic component in this syndrome, paucity of knowledge 

of its pathophysiology has largely precluded the development of rationale, mechanism-

based, therapies. The finding that vibration induces increased local expression of IL-6 in 

muscle, which in turn produces a decrease in the expression of KV1.4 α-subunit in muscle 

nociceptors, provides insight into the mechanism mediating the symptoms of HAVS and a 

possible novel treatment modality.

The rat model of HAVS

Our model of HAVS consists in a technically simple and reproducible intervention, which 

consistently produces a robust and persistent muscle pain reminiscent of that observed in 

HAVS patients 2,7,9,10. The stimulus used in this model, mechanical vibration, is relevant to 

the occupational disease HAVS, and its settings can be modified to explore the contribution 

of different parameters (vibration frequency, force, peak-to-peak amplitude, number of 

exposures, etc.) to the pain observed. Finally, this model is sensitive to putative 

antinociceptive interventions 2,7,10, allowing exploration of the mechanisms underlying pain 

in HAVS and the development of therapeutic strategies. This model, however, also has 

limitations that can preclude its utility as preclinical approach for the study of potential 

HAVS treatments. For instance, different exposures occur based on occupation (e.g., 

jackhammer operator versus dentist). In contrast to our preclinical model, the vibration 

injury more typically affects forelimbs of HAVS patients. Also in contrast to our model, 

active prehension of the vibrating tool is almost the rule in HAVS patients. Differences in 

pain phenotypes and inflammatory/immune responses have been observed between different 

rodent inbred strains 12,18. Thus, it cannot be ruled out that the IL-6 dependent mechanism 

observed in our model of HAVS could be, to some extent, strain-dependent. However, it is 

important to stress that all our data were obtained from outbred animals, minimizing the 

potential bias toward a strain-dependent phenomenon. While it is difficult to ascertain the 

importance of these variables for the “translatability” of our results, all these aspects should 

be considered as potential limitation for the findings derived from our model of HAVS.
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Vibration increases IL-6 expression in the muscle

Consistent with our hypothesis, the exposure to a vibration protocol produced mechanical 

hyperalgesia in muscle concomitant to an increase in local levels of IL-6. It is well 

established that the expression of IL-6 in skeletal muscle increases in response to a number 

of stressors, including mechanical stimulation.46 While the mechanism underlying the 

changes in the expression of IL-6 in the gastrocnemius muscle induced by vibration was not 

explored, several phenomena may contribute. For instance, exposure to mechanical vibration 

produces vasoconstriction, vasospasm and ischemia, which contribute to HAVS,23,50 and are 

known to induce IL-6 expression in a number of tissues, including skeletal muscle.17,40 

Alternatively, in vitro experiments have shown that mechanical vibration is able to induce 

enhanced expression of IL-6 in several cell types.27,33,34 This suggests that vibration directly 

activates mechanotransduction pathways, leading to intracellular signaling and IL-6 up-

regulation. The potential contribution of these phenomena to HAVS warrants further studies.

Vibration decreases expression of KV1.4, in an IL-6-dependent manner

We have previously shown that several proalgesic mediators, including glial cell-derived 

neurotrophic factor,2 IL-67 and tumor necrosis alpha,10 likely contribute to vibration-

induced mechanical hyperalgesia. While our finding that neutralizing antibodies to IL-6 

attenuated HAVS hyperalgesia confirmed a role for local IL-6, it did not clarify whether this 

cytokine does so by acting directly on muscle nociceptors, or indirectly, by acting on other 

cellular targets to decrease the nociceptive threshold. Furthermore, whether the down-

regulation of KV1.4 observed here depends on IL-6 acting on nociceptor gp130 subunit was 

also unknown. We explored these issues by knocking down gp130 in nociceptors, which not 

only prevented vibration-induced mechanical hyperalgesia as previously observed,7 but also 

the vibration-induced down-regulation of KV1.4 in the nociceptor. Therefore, while several 

algogens may act on muscle nociceptors, contributing to hyperalgesia in HAVS, signaling 

trough gp130 is critical for decreased expression of KV1.4.

Although we did not study the mechanism underlying gp130-dependent decreased 

expression of KV1.4 α-subunit, previous studies point to transcriptional changes triggered 

by nociceptor injury. Indeed, small-size sensory neurons exhibit a marked decrease in KV1.4 

mRNA after sciatic nerve transection49 or chronic constriction of the infraorbital nerve,25 

neuropathic pain models where IL-6 plays a central role.19,52 Reciprocally, conditional 

deletion of gp130 in nociceptors increases voltage-gated A-type K+ currents and up-

regulates Kcna4 mRNA expression, which encodes KV1.4, leading to decreased nociceptor 

excitability.24 More recently, it has been shown that nerve injury induces persistent 

upregulation of the microRNA cluster miR-17–92, which downregulates the expression of 

several KV α-subunits, including KV1.4 and KV4.3, and outward K+ currents, specifically 

A-type K+ currents.38 Of note, the HAVS model is also associated with nociceptor 

downregulation of the KV4.3 α subunit, which is involved in A-type K+ currents.9 

Interestingly, in vitro studies in cholangiocarcinoma cell lines, which typically are associated 

to high levels of IL-6 in patients with this cancer, demonstrated that up-regulation of 

miR-17–92 cluster is induced by IL-6 in a gp130-dependent manner.53 Together, these 

observations suggest that intracellular signaling downstream to gp130 acts as a dynamic 

repressor for KV1.4 transcription, possibly involving miR-17–92, accounting for the IL-6 
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mediated induction of nociceptor plasticity observed in nerve injury models such as HAVS 

(see below).

Decreased expression of KV1.4 contributes to nociceptor hyperexcitability

A-type K+ currents are key determinants of neuronal excitability, contributing to the setting 

of resting membrane potential, spike latency and action potential waveform.44,51 Members 

of the KV1 and KV4 α subunit families contribute to A-type K+ currents, and decreased 

density of these currents has been observed in several preclinical models of persistent pain.
8,48,49 While decreased expression of mRNA or protein for different KV α subunits, in the 

DRG, has been observed after nerve damage,20,32,37,49 we are unaware of any other study 

showing KV1.4 down-regulation after exposure to tissue injury comparable to mechanical 

vibration. However, consistent with our observations, models of chronic pain affecting deep 

tissue such as joint inflammation,42 bone cancer pain11 and visceral pain,15,54 which are 

associated with enhanced nociceptor excitability, display decreased KV1.4 expression and/or 

rapidly inactivating A-type K+ currents. Moreover, knockdown of KV1.4 in nociceptors 

produced muscle hyperalgesia in otherwise naïve rats, highlighting the importance of this 

KV α-subunit in the setting of normal mechanical nociceptive threshold. On the other hand, 

conditional deletion of gp130 in nociceptors produces increased conductance in A-type K+ 

currents and decreased neuronal excitability,24 and mice carrying this conditional deletion 

display enhanced mechanical nociceptive threshold and attenuated mechanical hyperalgesia 

in models of persistent pain.5,35 Together, these observations support the suggestion that 

attenuation of A-type K+ currents likely plays a central role in the induction of nociceptor 

hyperexcitability by IL-6, which likely explains the neuropathic-like responsiveness to 

mechanical stimulation observed in the HAVS model.7

Conclusions

In summary, mechanical vibration increases the expression of IL-6 in the exposed skeletal 

muscle. IL-6 downstream signaling, through gp130, decreases the expression of the α 
subunit KV1.4 in DRGs, leading to nociceptor hyperexcitability and persistent muscle 

mechanical hyperalgesia. Exploring these signaling pathways to identify key players 

underlying the transcriptional changes in KV1.4 expression is an important future direction. 

Finally, our data support the suggestion that analgesic therapies targeting IL-6 and or gp130 

may provide an effective treatment for the chronic pain reported by patients with HAVS.
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Figure 1. Vibration induces muscle mechanical hyperalgesia and increased levels of IL-6 in the 
gastrocnemius muscle.
A. Hyperalgesia (i.e., reduction of mechanical nociceptive threshold) was observed in the 

gastrocnemius muscle in a group of rats submitted to the HAVS model, compared to control 

(naïve) rats. Two-way ANOVA showed significant effects for treatment (F1,5=383.8, P < 

0.001), time (F1,5=222.1, P < 0.001) and treatment by time interaction (F1,5=464.3, P < 

0.001). Post hoc analysis revealed significant differences between control and vibration 

exposed rats one day after vibration exposure; B. Representative Western blots showing IL-6 

Alvarez et al. Page 12

Pain. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immunoreactivity in extracts from the ipsilateral gastrocnemius muscle of HAVS rats 

compared to control rats; C. Quantitative analysis (ratio of IL-6 to housekeeping protein 

Grk2) showed that, compared to controls, HAVS exhibited significantly increased IL-6 

expression in the gastrocnemius muscle; D. Five hours after vibration (Post) nociceptive 

threshold was significantly reduced compared to baseline (Pre). A neutralizing antibody 

(anti-rat IL-6 goat IgG), but not vehicle (DPBS), injected into the gastrocnemius muscle 6 h 

after exposure to vibration significantly reduced the mechanical hyperalgesia. *P < 0.05; 

**P < 0.01; ***P < 0.001.
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Figure 2. Vibration down-regulates expression of KV1.4 in DRG innervating the gastrocnemius 
muscle.
A. Representative Western blots showing KV1.4 immunoreactivity in extracts from the 

ipsilateral L4-L5 DRGs of HAVS rats compared to control (naïve) rats; B. Quantitative 

analysis (ratio to reference protein) showed that, compared to controls, HAVS rats exhibited 

significantly decreased KV1.4 expression in DRG innervating the gastrocnemius muscle 

(unpaired t test, t = 1.859 df = 10, P = 0.046). β-actin was used as the housekeeping 

reference protein; C. KV1.4 knockdown in DRG by i.t. AS, but not SE, ODN treatment 

produced significant mechanical hyperalgesia in the gastrocnemius muscle. Two-way 

ANOVA showed significant effects for treatment (F1,10=192, P < 0.001), time (F4,40=123.1, 

P < 0.001) and interaction (F4,40=77.8, P < 0.001). Post hoc analysis of each time point 

revealed significant differences between AS and SE treated rats from days 1 to 7 after last 

ODN injection. *P < 0.05; ***P < 0.001.
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Figure 3. Knockdown of gp130 attenuates vibration-induced muscle hyperalgesia and KV1.4 
expression.
A. Compared to baseline mechanical nociceptive threshold (Pre), vibration produced 

significant muscle mechanical hyperalgesia (Post), which was attenuated by i.t. AS, but not 

MM, ODN directed against gp130; Two-way ANOVA showed significant effects for 

treatment (F1,10=6.275, P < 0.031), time (F1,10=253.1, P < 0.001) but not interaction 

(F1,10=4.869, P = 0.051). Post hoc analysis revealed significant differences between AS and 

MM treated rats one day after exposure to vibration. B. Representative Western blots 

showing reduced down-regulation of KV1.4 expression in rats treated with AS ODN against 
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gp130. C. Quantitative analysis (ratio to reference protein) showed that, compared to MM, 

AS ODN significantly attenuated the down-regulation of KV1.4 and the expression of gp130 

in L4-L5 DRG in HAVS model rats; unpaired Student t test (t = 2.187, df = 10) revealed 

significant differences between AS and MM treated rats in nociceptor expression of gp130 

(P = 0.009) and KV1.4 (P = 0.026), one day after exposure to vibration. β-actin was used as 

housekeeping reference protein. *P < 0.05; **P < 0.01
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