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Abstract

We hypothesized that changes in the expression of Kv4.3 contribute to the mechanical 

hyperalgesia induced by vibration injury, a rodent model for hand-arm vibration syndrome in 

humans. Here we show that the exposure of the gastrocnemius muscle to vibration injury induces 

muscle hyperalgesia that is accompanied by a significant down-regulation of Kv4.3 in affected 

sensory nerve fibers in dorsal root ganglia (DRG). We additionally demonstrate that the intrathecal 

administration of antisense oligonucleotides for Kv4.3 mRNA itself induces muscle hyperalgesia 

in the rat. Our results suggest that attenuation in the expression of Kv4.3 may contribute to 

neuropathic pain in people affected by hand-arm vibration syndrome.
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Introduction

Hand-arm vibration syndrome is an occupational disorder that is often observed after 

prolonged exposure to vibrating tools such as chainsaws or jackhammers 2728. Typical 

symptoms include ongoing pain, mechanical hyperalgesia, paresthesia and dysethesia, 

thought to be due to neurovascular trauma and ischemia in the affected extremities 27. 

Although this disorder was first described almost a century ago, little is known about its 

underlying pathophysiology.

Our laboratory developed a rodent model for hand-arm vibration syndrome in which the 

hind limb of an anesthetized rat is vibrated at frequencies comparable to those produced by 

hand-held power tools 1521. The electrophysiological changes observed in this model 
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suggest that they are caused by a traumatic injury of the tibial nerve; many nociceptors 

innervating the vibration-exposed gastrocnemius muscle become hyperexcitable, displaying 

enhanced responses to noxious mechanical stimuli and a reduced mechanical threshold 15. 

Moreover, nociceptors exposed to vibration-injury are primed and therefore demonstrate 

enhanced and prolonged hyperalgesia in response to a subsequent pro-inflammatory 

mediator, even months after the initial injury 2144.

Nociceptors express a number of different voltage-gated potassium channels (Kv) whose 

expression is crucial for setting their threshold and excitability 163233434557. One of the best 

characterized Kv channels is Kv 4.3, which is exclusively expressed by Isolectin B4 (IB4)-

binding C-fiber nociceptors in the dorsal root ganglia (DRG) 16. The expression of Kv 4.3, 

which is down-regulated in several animal models of neuropathic pain 1632 lies under 

regulatory control of neuron-restrictive silencing factor (NRSF) 56. Of note, the down-

regulation of Kv 4.3 in the setting of nerve trauma is accompanied by neuronal 

hyperexcitability and a decrease in mechanical nociceptive threshold 1632.

In the present study, we tested the hypothesis that Kv 4.3 is involved in vibration-induced 

muscle pain and explored whether changes in Kv 4.3 expression in nociceptors contributes 

to the mechanical hyperalgesia in a model of hand-arm vibration syndrome in the rat.

Methods

Animals

Adult male Sprague-Dawley rats (250–300 g; Charles River Laboratories, Hollister, CA) 

were used in experiments. Animals were housed in the animal care facility of the University 

of California, San Francisco, under environmentally controlled conditions (21-23°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 the Committee for Research and 

Ethical Issues of the International Association for the Study of Pain. The Institutional 

Animal Care and Use Committee (IACUC) at the University of California, San Francisco 

approved all experimental protocols, in which a concerted effort has been made to minimize 

the number of animals used and their suffering.

Mechanical vibration

To induce muscle hyperalgesia, the hind limbs of rats were subjected to mechanical 

vibration with a laboratory vortex mixer (Digital Vortex Genie II; Thermo Fisher Scientific, 

Waltham, MA), as previously described 31521. These rats were anesthetized with 3% 

isoflurane in oxygen before one hind leg was affixed to the platform of the vortex mixer with 

Micropore® surgical tape (Thermo Fisher Scientific) so that the knee and ankle joint were 

both at 90°, without rotational torque on the leg. Each hind leg was vibrated at a frequency 

of 60–80 Hz with 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) 41.

For rats that were used to analyze whether Kv 4.3 or NRSF (Fig. 2, 3) may contribute to the 

mechanical hyperalgesia in rats exposed to vibration-injury, both legs were sequentially 
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vibrated. For rats that were used to demonstrate that vibration-injury causes muscle 

hyperalgesia (Fig. 1) or to evaluate the effect of intrathecal antisense for Kv4.3 (Fig. 4) only 

one leg was exposed to vibration-injury.

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 62022. Approximately 24 hours post vibration injury; rats were lightly restrained in 

a cylindrical acrylic holder 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 a gradually increasing compression force. The nociceptive 

threshold was defined as the force in milliNewtons (mN) at which the rat withdrew its hind 

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

four consecutive days prior to measuring baseline mechanical nociceptive threshold, with 

application of a force of 2.0 to 2.6 N (increased by 0.2 N daily), 3-5 times per hind leg. 

Baseline nociceptive withdrawal threshold was defined as the mean of three readings taken 

at 5-min intervals and the magnitude of hyperalgesia was calculated as the percentage 

decrease from the baseline withdrawal threshold. The individual that was performing the 

behavioral experiments presented in this manuscript was not blinded to treatment group.

Surgical excision of DRG neurons

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

receiving the vibration injury. This was previously shown to be the time point for peak 

hyperalgesia in the vibration injury model 21. Lumbar DRGs were quickly dissected out 

bilaterally, immediately placed on dry ice, then transferred to storage at −80 °C until use for 

further analyses.

Semi-quantitative multiplex RT-PCR

Total RNA was extracted from left and right L4 and L5 DRG using Trizol reagent 

(Invitrogen, Carlsbad, CA) with the PureLink™ RNA mini kit (Ambion @ Invitrogen), 

according to the manufacturer's instruction. The amount of RNA was measured by UV 

absorbance at 260 nm (Shimadzu UV-160 Spectrophotometer), followed by cDNA synthesis 

(1 μg total RNA per sample) using the SuperScript III Platinum One-Step quantitative RT-

PCR System (Invitrogen). The PCR-primers used for the amplification of rat Kv 4.3 were: 

F1: 5’-CCACGAGTTTATTGATGAGCAGAT-3’ and B1: 5’-

TGTTTTGCAGTTTGGTCTCAGTC-3’ 34, which were matched against all three variants 

(NCBI database-entries NM_001270962, NM_001270963, NM_031739). To compensate 

for variations in the quality or quantity of the samples, a multiplex RT-PCR was performed 

with S18 rRNA as an endogenous standard (Quantum RNA Classic II 18S Internal 

Standards, Ambion @ Invitrogen). The amplification product of the Kv 4.3 gene (301 bp) 

was normalized to the PCR product of the S18 rRNA (324 bp). Pilot experiments were 

performed to optimize for: 1) annealing temperature (61.3°C); 2) number of PCR-cycles 

(35); and 3) ratio of S18 rRNA primer to competimer™ (Ambion; 2:8). The PCR-products 

were separated on 2% agarose gels and visualized by ethidium bromide intercalation. 
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Images of the gels were acquired with the ChemiImager system and analyzed with 

AlphaEaseFC Software (Alpha Innotech Corporation, San Leandro, CA).

NRSF protein expression

To determine whether the change in Kv4.3 expression induced by vibration is related to an 

increase in NRSF, a Western blot analysis was performed, following the methods previously 

described 953. Bilateral L4 and L5 DRGs were harvested and transferred into cold 

homogenization buffer (150 mM NaCl, 10 mM EDTA, 2% SDS, 50 mM Tris-HCl, pH 7.4) 

supplemented with a 2× protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). 

Four DRGs per sample were homogenized manually with a plastic pestle and proteins were 

solubilized by a 2 hour incubation in an Eppendorf Thermomixer at 23°C and 1400 rpm 

(Eppendorf AG, Hamburg, Germany). Proteins were extracted by a 15 minute centrifugation 

in a table top centrifuge and the protein concentration of the samples were determined using 

the micro BCA Protein Assay Kit (Pierce, Rockford, IL) with bovine serum albumin (BSA) 

as the standard.

Mixtures of 40 μg of protein per sample were denatured at 90°C for 10 minutes and 

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

mM Tris containing 192 mM glycine and 0.1% SDS. Proteins were transferred to a 

nitrocellulose membrane using the semi-dry method (transfer time 1 hour at 10 V). The 

nitrocellulose membranes were saturated by shaking in antibody dilution buffer (5% BSA in 

Tris-buffered saline containing 0.1% Tween20 (TBST)) for 1 hour at room temperature (RT) 

and probed with rabbit anti-NRSF (ab21635, 1:500, Santa Cruz Biotechnology, Santa Cruz, 

CA), or rabbit anti-ß-actin (ab8227, 1:1000; Abcam, Cambridge, MA) antibodies in 

antibody dilution buffer, at 4°C overnight. After washing with TBST (3 times at RT, 15 min 

each), the NRSF blot was probed with a biotinylated goat anti-rabbit antibody (1:2500 in 

antibody dilution buffer, Jackson Immunoresearch, West Grove, PA) for 2 hours at RT, while 

the ß-actin blot was probed with a horseradish peroxidase (HRP) conjugated anti-rabbit 

antibody (NA934V, 1:2500 in antibody dilution buffer, GE Healthcare, Piscataway, NJ) for 2 

hours at RT. Blots were washed with TBST (3 times at RT, 15 min each) and the NRSF blot 

was then probed with streptavidinperoxidase polymer (S2438, 1:5000 in antibody dilution 

buffer, Sigma-Aldrich, Saint Louis, MO) for 1.5 hours while shaking at RT. After washing 

the NRSF Western blot with TBST (3 times at RT, 15 min each), immunoreactivity was 

visualized using the sensitive femto chemiluminescence detection system (Pierce, Rockford, 

IL). Results were analyzed by computer-assisted densitometry and levels of NRSF 

immunoreactivity were normalized with respect to the ß-actin control levels in each sample.

Intrathecal injection of antisense oligodeoxynucleotides

To evaluate the relationship between Kv 4.3 and mechanical nociceptive threshold in the 

gastrocnemius muscle, we attenuated its expression by the intrathecal injection of antisense 

oligodeoxynucleotides (AS-ODNs) directed against Kv 4.3 mRNA. The 24-mer AS-ODN 

sequence [5’-TCATCTTGCCGCTTGTTCTTGTCG-3’] (GenBank accession number 

L48619) used in this study was previously shown to produce a knockdown of Kv 4.3 protein 

in nociceptive DRG neurons 16. The mismatch (MM) ODN sequence [5’-

TCATGTTCGCGGTTCTTGTTCTCG-3’] corresponds to the AS sequence with seven base 
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changes, as indicated in bold. The AS and MM ODNs were synthesized by Invitrogen 

(Carlsbad, CA).

Three consecutive daily intrathecal injections of AS or MM ODN (40 μg) were performed 

under brief anesthesia with 2.5% isoflurane in oxygen. To inject ODNs, a 29-gauge 

hypodermic needle was inserted into the subarachnoid space on the midline between the 

fourth and fifth lumbar vertebrae, and 20 μL of either AS or MM ODN dissolved in 

physiological NaCl solution was slowly administered. Observation of a tail flick was used to 

determine proper placement of the needle in the subarachnoid space during intrathecal 

injection 36. Animals regained consciousness approximately one minute post-injection.

Statistics

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

were made by a two-tailed Student's t-test (for paired and independent samples) or by two-

way repeated measures ANOVA for comparing treatments over time, using Prism statistical 

software. Statistical significance was considered as P < 0.05.

Results

Vibration-induced mechanical hyperalgesia

As previously established 21, our protocol of hind limb vibration at 60-80 Hz for 15 minutes 

resulted in marked mechanical hyperalgesia in the gastrocnemius muscle 21. A significant 

decrease of 24.4 ± 1.3% (P < 0.0001, n=9 per group) in mechanical nociceptive threshold 

was observed 24 hours after vibration injury to the hind limb (Fig. 1).

Kv 4.3 mRNA levels

To determine whether vibration injury to skeletal muscle afferents induces Kv 4.3 down-

regulation, we measured Kv 4.3 mRNA expression in the DRG using semi-quantitative RT-

PCR. A significant reduction in Kv 4.3 mRNA in the vibration injury group was observed in 

comparison to the level in naïve animals (8.03 ± 2.3%, P ≤ 0.01, n=3 per group) (Fig. 2).

NRSF protein levels

To determine if the change in Kv 4.3 could be secondary to changes in NRSF protein level, 

which blocks the transcription of the Kv 4.3 gene 56, we measured NRSF protein expression 

in the lumbar DRG using Western blot analysis. Protein extracts derived from DRG of 

vibration-injured animals showed higher levels of NRSF protein, compared to that of control 

animals, although the difference did not reach statistical significance (10.0 ± 8.2 %, P > 

0.05, n=9 per group) (Fig. 3).

Effect of antisense against Kv 4.3

Finally, to determine the contribution of Kv 4.3 to nociception in the gastrocnemius muscle, 

AS and MM ODNs designed to target the rat Kv 4.3 mRNA sequence were injected 

intrathecally in naïve rats for three consecutive days. Following ODN treatment, the 

nociceptive threshold was markedly reduced, 42.2 ± 1.1%, in the Kv 4.3 AS-ODN-treated 

group, compared to the MM-ODN treated group (P < 0.0001; n=6 per group) (Fig. 4).
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Discussion

In the present study we tested the hypothesis that the down-regulation of Kv 4.3 in the 

peripheral terminals of nociceptive muscle afferents contributes to the mechanical 

hyperalgesia observed in rats exposed to muscle vibration. Our hypothesis was based on the 

assumption that: a) the changes in the phenotype of muscle nociceptors are caused by a 

traumatic injury of the tibial nerve, and b) this injury leads to changes in the activity or 

expression of Kv 4.3, which could explain the increased excitability and decreased 

mechanical threshold observed in our rodent model for hand-arm vibration syndrome 15.

Neuropathic pain can be the consequence of a traumatic nerve injury, a metabolic disease 

such as diabetes, or exposure to neurotoxins such as the drugs used to fight cancer 19. 

Clinical symptoms include allodynia, hyperalgesia, and spontaneous (stimulus-independent) 

pain. Each of these symptoms can be caused by a number of different pathophysiological 

mechanisms, which explains why neuropathic pain is so difficult to treat 17181929. We have 

previously demonstrated that nociceptive C-fiber afferents innervating the vibration-exposed 

gastrocnemius muscle become hyper-responsive to a prolonged noxious mechanical 

stimulus 15. Mechanically hyper-responsive C-fiber nociceptors have also been observed in 

animal models for nerve injury 5051, diabetic neuropathy 1, and chemotherapy-induced 

neuropathy 55.

We have also demonstrated that rats exposed to vibration injury develop a latent and long-

lasting hypersensitivity and hyperresponsiveness to a subsequent inflammatory stimulus 421, 

a phenomenon known as hyperalgesic priming 293944.

One of the hallmarks of hand-arm vibration syndrome in humans and corresponding animal 

models is the demyelination and orthograde degeneration of axons that have been separated 

from the neuronal cell body in the DRG 31354254, a process known as Wallerian 

degeneration 52. Wallerian degeneration is accompanied by an inflammatory response during 

which injured axons release molecules that enhance vascular permeability and activate glial 

cells, which in turn produce and release molecules that ensure the survival of injured 

neurons and attract leukocytes to the site of injury 49. Many of the molecules that are 

produced and released by injured axons, glial cells, and leukocytes - such as adenosine 

triphosphate (ATP), interleukin 6 (IL-6), tumor necrosis factor alpha (TNFα), monocyte 

chemoattractant protein 1 (MCP-1), nerve growth factor (NGF), and glial-derived 

neurotrophic factor (GDNF) - orchestrate the tissue response in order to clear cellular debris, 

restore tissue homeostasis, and initiate neuronal regeneration, and are known to directly 

sensitize nociceptors 11123746474853. Many of these have also been shown to induce 

hyperalgesic priming 5202538. It is therefore not surprising that a knockdown of cellular 

receptors for these molecules in nociceptors attenuates both mechanical hyperalgesia 1521 

and hyperalgesic priming 21 after exposure to vibration.

Nociceptors are a heterogeneous group of sensory neurons that have been differentiated 

according to somal size, axonal diameter, conduction velocity, activation threshold, stimulus 

response, peripheral innervation area, termination area in the spinal cord, dependence on 

specific neurotrophins, and expression of cell markers 824. One subset of small-diameter 
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nociceptors, the GDNF-dependent IB4-binding C-fibers 10, appears to be of particular 

importance in our rodent model of vibration-induced muscle pain since their ablation with 

the selective neurotoxin IB4-saporin, produced a marked attenuation of mechanical 

hyperalgesia in rats with vibration injury 4.

GDNF-dependent IB4-binding C-fibers express at least three different A-type voltage-gated 

potassium channels (Kv 1.4, Kv 3.4, and Kv 4.3). However, only Kv 4.3 is exclusively 

expressed by this population of nociceptors within the DRG 2357. Functional suppression or 

down-regulation of these channels is known to increase the excitability of axotomized 

neurons both in vivo 16 and in vitro 57, in addition to inducing mechanical hypersensitivity in 

rodent models of neuropathic pain 1445. Given that vibration-induced muscle pain depends 

on GDNF-dependent IB4-binding C-fiber nociceptors and that Kv 4.3 is the only A-type 

potassium channel exclusively expressed by this subset of nociceptive afferents, we sought 

to analyze its contribution to vibration-induced muscle pain. Here we demonstrate that the 

vibration-induced mechanical hyperalgesia in the gastrocnemius muscle is indeed 

accompanied by a decrease in the mRNA for Kv 4.3.

It has been suggested that the down-regulation of Kv 4.3 in the setting of neuropathic pain is 

due to the binding of NRSF to regulatory DNA-sequences within the Kv 4.3 gene, which 

suppresses its transcription 56. It also has been shown that an ischemic insult – a 

characteristic feature of hand-arm vibration syndrome 27 – triggers an up-regulation of 

NRSF 1326. We therefore analyzed whether the down-regulation of Kv 4.3 could be due to 

an up-regulation of NRSF expression. While the expression level of NRSF in protein 

extracts derived from DRG of animals exposed to vibration injury is higher than that of 

protein extracts derived from naïve, non-vibrated animals, the increase in the NRSF protein 

level did not reach statistical significance. However, this result might be expected, since the 

number of GDNF-dependent IB4-binding C-fiber afferents in the L4 and L5 DRGs that 

innervate the gastrocnemius muscle is relatively low 740.

If Kv 4.3 contributes to the mechanical hyperalgesia of rats exposed to vibration-injury, one 

would expect that a functional suppression or decrease in Kv 4.3 protein expression level 

itself would induce mechanical hyperalgesia. To analyze whether Kv 4.3 down-regulation 

affects the mechanical nociceptive threshold of muscle afferents innervating the 

gastrocnemius muscle, a group of rats were treated with an antisense oligonucleotide against 

Kv 4.3 mRNA for three consecutive days. Rats treated with antisense displayed a reduced 

mechanical nociceptive threshold compared to those treated with mismatch oligonucleotides. 

This finding supports our hypothesis that Kv 4.3 down-regulation contributes to the 

mechanical hyperalgesia observed in our rodent model for hand-arm vibration syndrome.

Taken together, our results support our initial hypothesis that the mechanical hyperalgesia in 

our rodent model for hand-arm syndrome is caused by a traumatic injury of the tibial nerve, 

which leads to a down-regulation of Kv 4.3 in the peripheral terminals of GDNF-dependent 

IB4-binding C-fiber nociceptors innervating the gastrocnemius muscle. Given that vibration 

injury induces hyperalgesic priming, which depends on GDNF-dependent IB4-binding 

nociceptors 2530, it would be interesting to analyze whether the down-regulation of Kv 4.3 
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also contributes to the phenotypic changes and long-term consequences that are associated 

with this subset of nociceptors in the setting of priming.
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Highlights

- Exposure to vibration-injury produces muscle hyperalgesia in the rat

- Vibration-injury also produces a decrease in the expression of Kv4.3 in nociceptors

- Intrathecal treatment with antisense for Kv4.3 mRNA produces muscle 

hyperalgesia
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Perspective

Our findings establish Kv4.3 as a potential molecular target for the treatment of hand-arm 

vibration syndrome.
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Figure 1. Muscle vibration induces mechanical hyperalgesia in skeletal muscle
A significant decrease of 24.4 ± 1.3% (n=9 per group) in nociceptive threshold in the 

gastrocnemius muscle, hyperalgesia, was observed 24 hours after vibration injury. 

Nociceptive threshold was defined as the force in milliNewtons (mN) at which the rat 

withdrew its hind leg from the force transducer applied to the belly of the muscle. *** P < 

0.0001.
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Figure 2. Vibration induced changes in Kv 4.3 mRNA in DRG
Analysis of Kv 4.3 mRNA expression in L4 and L5 DRG 24 hours after vibration injury to 

the hind limb gastrocnemius muscles: (A) A semi-quantitative RT-PCR analysis was 

performed comparing injured and uninjured animals. The density of the PCR product of the 

Kv 4.3 gene at 301 bp was normalized to the density of the PCR product of the S18 rRNA 

standard at 324 bp. (B) A significant down-regulation of Kv 4.3 mRNA (8.03 ± 2.3%, n=3 

per group) was observed after vibration injury, in comparison to the non-vibrated control. * 

P < 0.01.
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Figure 3. Vibration induced changes in NRSF protein expression
Western blot analysis of NRSF protein levels in L4 and L5 bilateral DRG neurons. (A) β-
actin, used as a housekeeping gene in this analysis, has the calculated molecular weight of 

~42 kDa; the calculated molecular weight of NRSF is ~117 kDa. (B) A detectable but non-

significant increase in NRSF 10.0 ± 8.2 % (n=9 per group) was present after vibration injury. 

Values are represented as mean percent of NRSF expression in comparison to β-actin band 

intensity.
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Figure 4. Effect of intrathecal AS/MM ODN directed against Kv4.3 mRNA on muscle 
mechanical nociceptive threshold
Attenuation of Kv 4.3 mRNA with three consecutive intrathecal injections of AS-ODN 

(open symbols, n=6) resulted in a 42.2 ± 1.1% reduction in nociceptive threshold, with no 

significant changes in the MM-ODN group (black symbols, n=6). This finding supports the 

suggestion that the down-regulation of Kv 4.3 contributes to the mechanical hyperalgesia 

observed in our rodent model for hand-arm vibration syndrome. Black arrows indicate time 

points of ODN injections. ***P<0.0001.
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