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Abstract

Persistent muscle pain is a common and disabling symptom for which available treatments have 

limited efficacy. Since tetrodotoxin (TTX) displays a marked antinociceptive effect in models of 

persistent cutaneous pain, we tested its local antinociceptive effect in rat models of muscle pain 

induced by inflammation, ergonomic injury and chemotherapy-induced neuropathy. While local 

injection of TTX (0.03-1 μg) into the gastrocnemius muscle did not affect mechanical nociceptive 

threshold in naïve rats, exposure to the inflammogen carrageenan produced a marked muscle 

mechanical hyperalgesia, which was dose-dependently inhibited by TTX. This antihyperalgesic 

effect was still significant at 24 hours. TTX also displayed a robust antinociceptive effect on 

eccentric exercise-induced mechanical hyperalgesia in the gastrocnemius muscle, a model of 

ergonomic pain. Finally, TTX produced a small but significant inhibition of neuropathic muscle 

pain induced by systemic administration of the cancer chemotherapeutic agent oxaliplatin. These 

results indicate that TTX-sensitive sodium currents in nociceptors play a central role in diverse 

states of skeletal muscle nociceptive sensitization, supporting the suggestion that therapeutic 

interventions based on TTX may prove useful in the treatment of muscle pain.
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1. Introduction

For many decades tetrodotoxin (TTX), which is present in many poisonous animals 

including fishes from the Tetraodontidae family such as the pufferfish, has been used as a 

pharmacological tool to selectively block a subset of inward sodium currents (TTX-S INa) in 

*Corresponding author's contact information: Dr. Jon Levine, University of California San Francisco, C-555, Box 0440, 521 Parnassus 
Avenue, San Francisco, CA 94143-0440. Tel: +1-415-476-5108; fax: +1-415-476-6305, jon.levine@ucsf.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Authors report no conflicts of interest.

HHS Public Access
Author manuscript
Neuroscience. Author manuscript; available in PMC 2016 December 17.

Published in final edited form as:
Neuroscience. 2015 December 17; 311: 499–507. doi:10.1016/j.neuroscience.2015.10.059.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



electrophysiological recordings (Narahashi, 2008). Indeed, in vitro studies have shown that 

TTX is able to inhibit the conduction of action potentials in isolated nerve preparations 

(Muroi et al., 2011) and to block inward sodium currents in neurons from sensory ganglia 

(Muroi et al., 2011; Blair and Bean, 2002). The current subsets identified by TTX have been 

demonstrated to depend on specific voltage-gated sodium channels (VGSC): TTX-sensitive 

(TTX-S) sodium channels, such as Nav1.1, Nav.1.3, Nav1.6 and Nav1.7 which are blocked 

by TTX at nanomolar concentrations, and TTX-resistant (TTX-R) sodium channels, such as 

Nav1.8 and Nav1.9 which are blocked by TTX only at micromolar concentrations (Dib-Hajj 

et al., 2009). This potent sodium channel block can explain the classical local symptoms of 

exposure to this toxin (e.g., fugu poisoning), including oral numbness, tingling and 

anesthesia (Bane et al., 2014; You et al., 2015). These properties are consistent with the 

strong antinociceptive effect exhibited by TTX in a number of in vivo pre-clinical (Lyu et 

al., 2000; Marcil et al., 2006; Nieto et al., 2008) and clinical (Hagen et al., 2008; Hagen et 

al., 2011; Shi et al., 2009; Song et al., 2011) studies. Importantly, while the expression of 

VGSC varies between sensory neurons contributing to different pain symptoms (Minett et 

al., 2014), the antinociceptive effects of TTX have, however, been mainly studied in models 

of cutaneous pain.

While chronic muscle pain is an extremely common and disabling group of syndromes, 

which lack effective therapy, it has received much less attention than cutaneous pain. This is 

probably due to the fact that clinical entities related to chronic muscle pain, such as 

neuropathic muscle pain, are still not well characterized. Because of this scarcity of 

preclinical muscle pain models, most of the preclinical screening of new analgesic drugs is 

performed in models assessing cutaneous nociception. TTX-S VGSC have been reported to 

be present in dorsal root ganglion (DRG) nociceptors innervating skeletal muscle 

(Ramachandra et al., 2012), and nociceptive spinal monosynaptic reflexes are attenuated 

after exposure of sensory fibers innervating skeletal muscle to TTX as observed in in vivo 

preparations (Schomburg et al., 2012). Furthermore, large-diameter sensory neurons, likely 

innervating skeletal muscle, exhibit de novo expression of TTXS VGSC after spinal nerve 

injury (Fukuoka et al., 2015). However, whether TTX is able to produce antinociceptive 

effects in models of persistent muscle pain remains to be determined. Thus, given the 

clinical and societal importance of persistent muscle pain and the promising profile of TTX 

as a putative analgesic, we explored its antinociceptive effects in models of nociceptive 

inflammatory, ergonomic and neuropathic muscle pain.

2. Experimental Procedures

2.1 Animals

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

were used in these experiments. They were housed in the Laboratory Animal Resource 

Center facility at the University of California San Francisco, under environmentally 

controlled conditions (lights on 07:00–19:00 h; room temperature 21–23°C) with food and 

water available ad libitum. Upon completion of experiments, rats were euthanized by CO2 

induced asphyxia followed by bilateral thoracotomy. Animal care and use conformed to NIH 

guidelines (NIH Guide for the Care and Use of Laboratory Animals) and to the guidelines of 
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the Committee for Research and Ethical Issues of the International Association for the Study 

of Pain. The University of California San Francisco Institutional Animal Care and Use 

Committee approved all experimental protocols. Concerted effort was made to minimize 

number and suffering of experimental animals.

2.2 Muscle inflammatory hyperalgesia

Rats were briefly anaesthetized with 2.5% isoflurane (Phoenix Pharmaceuticals, St. Joseph, 

MO) in 97.5% O2. After the hair on hind limbs was clipped and disinfected with 70% 

isopropyl alcohol, carrageenan ( -carrageenan, 1% in NaCl 0.9%) was injected into the belly 

of the gastrocnemius muscle, using a ½” 27G needle attached to an 100 μl microsyringe 

(Gastight®, Hamilton, Reno, NV). The 100 μg/10 μl dose of carrageenan was determined in 

previous studies as sufficient to produce robust mechanical hyperalgesia in the rat's 

gastrocnemius muscle (Dina et al., 2008).

2.3 Eccentric exercise-induced muscle hyperalgesia

The method used to eccentrically exercise the rat hind limb has been described previously 

(Alvarez et al., 2010; Kano et al. 2004; Taguchi et al., 2005). Briefly, isoflurane-

anesthetized rats were placed in supine position on a heating pad (set to maintain core body 

temperature at 37°C), and ophthalmic ointment applied to prevent corneal dehydration. The 

right hind paw was affixed to the foot bracket of a rodent exercise apparatus (Model RU-72, 

NEC Medical Systems, Tokyo, Japan) with 3M Micropore® surgical paper tape, such that 

the angle of the knee and ankle joints was 90° (paw 30° from vertical). The gastrocnemius 

muscle was stimulated via subcutaneous needle-type electrodes attached to a Model DPS-07 

stimulator (Dia Medical System Inc., Tokyo, Japan) that delivered trains of rectangular 

electric pulses (100 Hz, 700 ms, 3 V) every 3 s, to give a total of 300 contractions. During 

these stimulus-induced contractions of the gastrocnemius muscle, the electromotor system 

rotated the foot to produce extension of this muscle.

2.4 Oxaliplatin-induced neuropathic muscle pain

As previously reported (Alvarez et al., 2011; Joseph and Levine, 2009), oxaliplatin was 

freshly dissolved in normal saline at a concentration of 2 mg/ml and immediately 

administered by intravenous route (1 ml/kg) to isoflurane-anesthetized rats.

2.5 Drugs

Unless otherwise stated, all chemicals used in these experiments were obtained from Sigma-

Aldrich (St. Louis, MO). The stock solution of TTX (Abcam, Cambridge, MA) was made by 

dissolving it in distilled water (1 μg/μl) and stored at −20°C; further dilutions were made in 

Dulbecco's phosphate buffered saline (D-PBS). Rats were briefly anesthetized with 2.5% 

isoflurane to facilitate the intramuscular injections (20 μl) of TTX or its vehicle (D-PBS) 

into the gastrocnemius muscle. The injection site was previously shaved and scrubbed with 

alcohol. Immediately after injection the skin puncture site was marked with a fine-tip 

indelible ink pen, so that the mechanical nociceptive threshold of the underlying injection 

site in the muscle could be repeatedly tested.
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2.6 Testing of mechanical nociception

Mechanical nociceptive threshold in the gastrocnemius muscle was quantified using a digital 

force transducer (Chatillon DFI2; Amtek Inc., Largo, FL) with a custom-made 7 mm 

diameter probe. This width of probe allows for selective evaluation of muscle pain (vis-à-vis 

overlying skin pain) (Alvarez et al., 2010). Rats were lightly restrained in a cylindrical 

acrylic holder with lateral slats that allow for easy access to the hind limb and application of 

the force transducer probe to the injection site in the belly of the gastrocnemius muscle. The 

nociceptive threshold was defined as the force, in mN, required to produce a flexion 

withdrawal reflex in the hind leg. Baseline withdrawal threshold was defined as the mean of 

3 readings taken at 5 min intervals and magnitude of hyperalgesia calculated as percentage 

decrease from the baseline mechanical nociceptive withdrawal threshold.

2.7 Statistics

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

comparisons were made using GraphPad Prism 5.0 statistical software (GraphPad Software, 

Inc., La Jolla, CA). Comparisons were made by means of one-or two-way repeated measures 

analysis of variance (ANOVA) followed by Bonferroni's multiple comparisons test. A P 

value < 0.05 was considered statistically significant.

3. Results

3.1 Effect of TTX on muscle nociceptive threshold

While the presence of TTX-S sodium channels in primary afferents innervating skeletal 

muscle has been demonstrated (Ramachandra et al., 2012), whether the local administration 

of TTX is able to modify the baseline mechanical nociceptive threshold in skeletal muscle 

remains to be established. To test this we evaluated the effect of cumulative incremental 

doses of TTX (0.03, 0.1, 0.3 and 1 μg/20 μl) on nociceptive threshold in normal control rats. 

We found that, while the TTX doses of 0.1 and 0.3 produced a small, albeit significant, 

decrease in mechanical nociceptive threshold (−10 ± 1.8% and −8 ± 1.5, respectively, P < 

0.05, n=6/group, Fig. 1A), the 1 μg TTX dose did not produce significant change in this 

parameter (P > 0.05, n=6/group, Fig. 1A). Furthermore, in a time-course study in a separate 

group of rats in which we followed the effect of the highest dose of TTX (1 μg/20 μl) for 60 

min, we again observed no significant effect of TTX on mechanical nociceptive threshold in 

naïve control rats (P > 0.05, n=6/group, Fig. 1B). No gross motor or behavioral side effects 

were observed after i.m. administration of 1 μg of TTX.

3.2 Effect of TTX on inflammatory and ergonomic hyperalgesia

The effect of a TTX cumulative dosing protocol on mechanical hyperalgesia induced by 

carrageenan, an inflammogen (i.e., a model of inflammatory muscle pain), was evaluated in 

the gastrocnemius muscle of the adult rat. Twenty-four hours after injection of carrageenan, 

rats displayed marked mechanical hyperalgesia (i.e., ~40% decrease in mechanical 

nociceptive threshold, Fig. 2A,B), compared to baseline mechanical nociceptive threshold 

(i.e., 2664 ± 7.3 mN versus 1580 ± 12.9 mN, respectively, P < 0.001, n=6/group, Fig. 

2A,B). Sequentially higher doses of TTX were injected every 45 min (doses administered 
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were 0.03, 0.1, 0.3 and 1 μg/20 μl, respectively). In rats exhibiting inflammatory 

hyperalgesia, TTX produced a dose-dependent increase in mechanical nociceptive threshold 

that was statistically significant in all the doses studied (P < 0.05, n=6/group, Fig. 2A). A 

time course study showed that, compared to vehicle, 1 μg of TTX produced a significant 

increase in mechanical nociceptive threshold up to 24 h after its local injection (P < 0.01, 

n=6/group, Fig. 2B).

3.3 Effect of TTX on ergonomic muscle pain

Next, we explored whether TTX also displays antihyperalgesic effects in models of 

ergonomically induced muscle injury pain. Based on the results obtained in the 

inflammatory hyperalgesia model, we administered the 1 μg dose to rats previously 

submitted to a protocol of eccentric exercise of the hind limb, a model of delayed-onset 

muscle soreness. As previously reported (Alvarez et al., 2010), twenty-four hours after 

exposure to ergonomic injury induced by eccentric exercise animals exhibited significant 

muscle mechanical hyperalgesia (P < 0.001, n=6/group, Fig. 3). In these rats local injection 

of TTX (1 μg/20 μl), but not vehicle (D-PBS), produced a significant increase in mechanical 

nociceptive threshold (P < 0.001, n=6/group, Fig. 3).

3.4 Effect of TTX on neuropathic muscle pain

The effect of cumulative doses of TTX on mechanical hyperalgesia induced by the 

neurotoxic antineoplastic chemotherapy agent oxaliplatin, a model of chemotherapy induced 

neuropathic muscle pain (Alvarez et al., 2011), was evaluated in the gastrocnemius muscle 

of the adult rat. Consistent with our previous observations, rats displayed a robust muscle 

mechanical hyperalgesia at 4 and 15 days after intravenous injection of oxaliplatin (Alvarez 

et al., 2011) (P < 0.001, n=12/group, Fig. 4A,B,C,D). At these time points, cumulative 

higher doses of TTX (0.03, 0.1, 0.3 and 1 μg/20 μl), or vehicle, were injected locally (i.m.) 

every 45 min and read 15 min after each injection (Fig. 4A,C). The time course of the 

antinociceptive effect was further delineated by injecting a single dose of TTX (1 μg) in 

separate groups of rats at 4 and 15 days after injection of oxaliplatin (Fig. 4B,D).

Four days after oxaliplatin, rats exhibited a significant decrease in nociceptive mechanical 

threshold compared to baseline (−35.1 ± 1.8%, P < 0.01, n=6/group, Fig. 4A). This 

hyperalgesia was not significantly modified by vehicle treatment (−38.2 ± 2.2%, P > 0.05, 

n=6/group, Fig. 4A). However, compared to vehicle, a significant increase in mechanical 

nociceptive threshold was observed with TTX doses of 0.1 μg (−31.8 ± 2.6%, P < 0.05, n=6/

group, Fig. 4A) or higher, the maximal antinociceptive effect reached with the dose of 1 μg 

(−21 ± 3.3 %, P < 0.01, n=6/group, Fig. 4A). An additional group of rats injected with 

oxaliplatin, 4 days before, also exhibited a reduced mechanical nociceptive threshold 

compared to baseline (−34.9 ± 0.7%, P < 0.001, n=6/group, Fig. 4B). In this group of rats, 1 

μg of TTX produced a small, albeit statistically significant increase in mechanical 

nociceptive threshold 30 min after injection (-25 ± 1.5%, P < 0.001, n=6/group, Fig. 4B), 

which lasted for up to 2 hours after injection (−31.2 ± 0.9%, P < 0.05, n=6/group, Fig. 4B).

Rats injected with oxaliplatin 15 days before also exhibited a decrease in mechanical 

nociceptive threshold compared to baseline (−36.9 ± 0.4%, P < 0.05, n=6/group, Fig. 4C).
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In this group, however, only the highest dose of TTX explored (1 μg) produced a modest, 

although statistically significant, increase in mechanical nociceptive (−31.7 ± 0.9%) respect 

to vehicle (-37.5 ± 1.1%, P < 0.05, n=6/group, Fig. 4C). Another group of rats injected with 

oxaliplatin 15 days before also exhibited reduced mechanical nociceptive threshold 

compared to baseline (−37.2 ± 1%, P < 0.001, n=6/group, Fig. 4D). In this group, however, 

a single dose of 1 μg of TTX did not produce significant antinociceptive effects at any of 

time points studied (P > 0.05, n=6/group, Fig. 4D).

4. Discussion

The safe and effective treatment of muscle pain remains a major problem in clinical 

medicine, with most of the currently used analgesics lacking of adequate efficacy and safety. 

Since persistent pain is, in most cases, dependent on activity in primary afferent nociceptors, 

it has long been a goal of translational pain research to develop effective therapies that 

would normalize nociceptor function (Richards and McMahon, 2013). Toward this end we 

explored whether TTX affected the protective baseline mechanical nociceptive threshold 

and whether it could reduce the abnormally increased responsiveness of muscle nociceptors 

in the setting of tissue injury and painful peripheral neuropathy. We found that TTX in fact 

produced a dose-dependent reversal of mechanical hyperalgesia in preclinical models of 

inflammatory and ergonomic, and to a much lesser degree, neuropathic muscle pain, while 

leaving the protective nociception intact.

Given the well known narrow therapeutic index and reported lethal effects of TTX, its motor 

and sedative effects have been previously studied by means of the rotarod test in mice (Nieto 

et al., 2008) and the assessment of behavioral responses in rats and mice (Marcil et al., 2006; 

Nieto et al., 2008). For instance, it has been shown that systemic administration of TTX to 

rats, in doses comparable to those used here (up to 6 μg/kg), did not produce signs of 

respiratory distress, motor impairment or paralysis (Marcil et al., 2006). However, these 

symptoms can be observed after administration of higher doses, and lethality between 

8-20% of treated rats have been observe when 4-5 μg (total dose, respectively) are 

administered in the form of sciatic nerve block (Kohane et al., 1998). Thus, compatible with 

our subjective observation, the doses used in the present study are likely devoid of motor 

effects.

4.1 Effects of TTX on baseline nociception

The present experiments shown that TTX did not increase baseline mechanical nociceptive 

threshold in control (naïve) rats. Instead, a small albeit statistically significant proalgesic 

effect was observed after the injection of lower doses of TTX, possibly produced by 

injection trauma. The cumulative dose-response protocol used here involves multiple 

injections and repeated nociceptive testing in the same area. Thus, injections of low doses of 

TTX, presumably devoid of antinociceptive effect, are likely to induce a decrease in 

nociceptive threshold. This was not observed after the injection of the highest dose of TTX 

studied, suggesting that this dose produced a mild antinociceptive effect, enough to 

counteract the decrease in threshold induced by previous injections.

Alvarez and Levine Page 6

Neuroscience. Author manuscript; available in PMC 2016 December 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The lack of effect of TTX in naïve rats is probably not due to ineffective low doses, since 

they are close to previously reported antinociceptive doses (Kayser et al., 2010; Marcil et al., 

2006) and they displayed inhibitory effects on inflammatory and ergonomic models here. 

Instead, we postulate that this is likely due to an insufficient access of TTX to muscular 

nociceptors in noninflammed tissue. Indeed, a lack of antinociceptive effect for local TTX 

has been previously reported (Hackel et al., 2012). In contrast, local inflammation causes a 

disruption of the perineurial barrier, which enhances the local analgesia produced by drugs 

such as opioids (Antonijevic et al., 1995). Interestingly, matrix metalloproteinase 9 plays a 

major role in the opening of the perineurial barrier (Hackel et al., 2012), being up-regulated 

locally by interventions such as eccentric exercise (Koskinen et al., 2002) and carrageenan-

induced inflammation (Vieira et al., 2013). Thus, changes in local pharmacokinetics 

triggered by these insults probably resulted in an increased access of TTX to peripheral 

terminals at the site of injection, allowing the effect exhibited by TTX under these 

conditions.

4.2 Effects of TTX on models of persistent muscle pain

We observed that local injection of TTX into injured inflamed gastrocnemius muscle 

produced a dose dependent antihyperalgesic effect. Importantly, even the highest dose of 

TTX did not elevate the mechanical nociceptive threshold to above the pre-carrageenan 

baseline mechanical nociceptive threshold, supporting the idea that TTX acted as an 

antihyperalgesic agent rather than as a local anesthetic. It has been previously reported that 

local injection of inflammogens such as carrageenan or complete Freund's adjuvant enhance 

the expression of TTX-S sodium channels in DRG neurons innervating the area of injury 

concomitant to enhanced nociceptive responses (Black et al., 2004; Strickland et al., 2008; 

Tanaka et al., 1998). Importantly, the changes induced by carrageenan injection have been 

observed only in DRG ipsilateral to the injury (Black et al., 2004; Strickland et al., 2008), 

indicating that the actions exhibited by TTX are due to a local effect.

While the up-regulation of TTX-S sodium channels may contribute to muscle hyperalgesia 

induced by carrageenan, and therefore to the effects displayed by TTX 24 h later, we cannot 

exclude the contribution of other mechanisms involving TTX-S sodium channels and their 

targeting by TTX at this time point or earlier. Indeed, in the absence of inflammogens, TTX 

applied topically onto acutely isolated lumbar dorsal roots attenuates the exercise-induced 

pressor reflex evoked by static contraction of the triceps surae muscles (Tsuchimochi et al., 

2011; Stone et al., 2015), an effect that is mainly mediated by TTX-S sodium channels, 

namely Nav1.7 (Stone et al., 2015). In carrageenan-induced muscle inflammation, enhanced 

responses of group III nociceptors innervating the gastrocnemius muscle are readily blocked 

by TTX at time points as early as 1-1.5 hr after carrageenan injection (Schomburg et al., 

2012). In this context, several inflammatory mediators signal through protein kinase C 

(PKC), which is known to enhance TTX-S sodium channel resurgent currents (Tan et al., 

2014). Besides, tumor necrosis factor alpha, is produced at the site of carrageenan 

inflammation and signals through extracellular-regulated kinases (ERK) (Utreras et al., 

2009), which phosphorylates Nav1.7 in DRG neurons (Stamboulian et al., 2010). Of note, 

ERK and the epsilon isoform of PKC are required for full expression of carrageenan-

induced hyperalgesia (Han et al., 2012; Khasar et al., 1999).
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An important feature of the effect displayed by TTX on the carrageenan model was the 

prolonged duration of its antihyperalgesic effects. Previous studies have reported a long-

lasting local blocking effect for TTX when injected perineurally, intracortically, 

intrathecally or even topically onto the cornea. Indeed, sciatic nerve block with TTX 

completely blocks carrageenan-induced thermal and mechanical cutaneous hyperalgesia for 

at least 9 h (Beloeil et al., 2006). A single intracortical injection of TTX also blocks axonal 

activity in the cerebral cortex of rats for at least 6 h (Carmignoto and Vicini, 1992). Also, a 

single intrathecal injection of TTX produces a complete paralysis of hindlimbs in otherwise 

naïve rats, which extends for over 40 h (Teng and Wrathall, 1997). Importantly, TTX 

completely blocks the enhanced nociceptive responses in type III nociceptors after 

intramuscular injection of carrageenan in the gastrocnemius muscle, during at least 10 h 

(Schomburg et al., 2012). In de-epithelialized cornea, TTX displays a local anesthetic effect, 

which is significant for at least 8 h (Schwartz et al., 1998). Finally, a direct effect of TTX on 

inflammation and its long-term consequences cannot be ruled out. Indeed, local TTX 

displays a protective long-term effect in a model of acute spinal cord injury (Rosenberg et 

al., 1999; Teng and Wrathall, 1997).

In the case of ergonomic injury induced muscle hyperalgesia, eccentric exercise has been 

shown to induce local tissue damage in the muscle and to release several pro-inflammatory 

cytokines, including interleukin 6 (IL-6) (Rosendal et al., 2005; Su et al., 2010; Tomiya et 

al., 2004; Willoughby et al., 2003), which is pronociceptive (Summer et al., 2008), including 

in muscle (Dina et al., 2008; Loram et al., 2007; Manjavachi et al., 2010). It has been 

previously shown that the exposure to IL-6 increases the number of action potentials, 

decreases the latency to response to ramp stimuli applied to meningeal nociceptors and 

enhances nociceptive responses to mechanical stimulation, in a manner consistent with 

ERK-dependent Nav1.7 phosphorylation (Yan et al., 2012). Furthermore, muscle 

mechanical hyperalgesia induced by injection of IL-6 is sensitive to local selective inhibitors 

of ERK (Manjavachi et al., 2010) and intrathecal antisense treatment directed against the 

subunit gp130 of the IL-6 receptor inhibits eccentric exercise induced mechanical 

hyperalgesia (Alvarez et al., 2010), indicating that this signaling pathway also contributes to 

ergonomic injury-induced muscle hyperalgesia. Thus, phosphorylation of the TTX-S sodium 

channel Nav1.7 in sensitized muscle nociceptors is likely to participate in the mechanical 

hyperalgesia induced by eccentric exercise underlying the antihyperalgesic effects exhibited 

by TTX.

In our hands TTX produced only a small effect on oxaliplatin-induced muscle mechanical 

hyperalgesia, which was mainly observed at early stages of the neuropathy. Given the 

reported in vitro inhibitory effect of TTX on persistent sodium currents produced by the 

exposure of rat isolated nerves or DRGs to oxaliplatin (Adelsberger et al., 2000), the 

antiallodynic effect of TTX boluses injected onto DRG of rats submitted to spinal nerve 

ligation (Lyu et al., 2000), and the contribution of the TTX-S sodium channel Nav1.6 to the 

neuropathic pain symptoms induced by oxaliplatin in mice (Deuis et al., 2013; Sittl et al., 

2012) our results are somewhat unexpected. While we do not have an explanation for this 

discrepancy, we can hypothesize that the local doses of TTX used in our experiments might 

have been in a range that could produce a ceiling for its antihyperalgesic effect. Indeed, it 
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has been reported that high concentrations of TTX can activate TTX-R VGSC, such as 

Nav1.8 (Farmer et al., 2008). Of note, a ceiling antihyperalgesic/antiallodynic effect of TTX 

at high doses has been observed in rats previously submitted to surgical models of 

neuropathic pain (Kayser et al., 2010; Lyu et al., 2000).

5. Conclusions

In summary, we provide evidence that TTX displays important antihyperalgesic effects on 

rat models of persistent muscle pain, without interfering with the nociceptor function to 

signal for further potentially harmful stimuli. Given its safety and efficacy profiles exhibited 

in patients affected by cancer pain (Hagen et al., 2008; Hagen et al., 2011) or withdrawal 

symptoms in heroin addicts (Shi et al., 2009; Song et al., 2011) and the present data, TTX 

might be an useful therapeutic agent for the treatment of persistent muscle pain.
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Abreviations

D-PBS Dulbecco's phosphate buffered saline

DRG dorsal root ganglion

ERK extracellular regulated kinase

IL-6 interleukin 6

INa inward sodium currents

LD50 lethal dose 50

mN milli Newton

Nav α-subunit of mammalian voltage-gated sodium channels

TTX Tetrodotoxin

TTX-R Tetrodotoxin resistant

TTX-S Tetrodotoxin sensitive

VGSC voltage-gated sodium channels
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Highlights

• While persistent muscle pain is very common and disabling it lacks effective 

therapy.

• Tetrodotoxin is a promising analgesic but has not been evaluated for muscle 

pain.

• Tetrodotoxin did not increase muscle nociceptive threshold in control naïve rats.

• Tetrodotoxin attenuated mechanical hyperalgesia in models of persistent 

inflammatory and ergonomic muscle pain.
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Figure 1. Effect of intramuscular TTX on mechanical nociceptive threshold in naïve rats
(A) Sequentially increasing the i.m. doses of TTX, each cumulative dose one-half log unit 

greater than the previous dose, were injected at 45 min inter-injection intervals. Prior to each 

subsequent dose, the mechanical nociceptive threshold was again assessed. TTX failed to 

produce an increase in mechanical nociceptive threshold in normal control rats at any of the 

tested doses. Indeed, the doses of 0.1 and 0.3 μg produced a small, albeit significant, 

decrease in mechanical nociceptive threshold. (B) In a separate group of rats, the injection of 

the highest dose of TTX (1 μg) did not modify the mechanical nociceptive threshold up to 

60 min after injection. *P < 0.05.
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Figure 2. Effect of intramuscular TTX on inflammatory mechanical hyperalgesia
(A) The injection of λ-carrageenan (100 μg/10 μl) into the gastrocnemius muscle produced a 

decrease of mechanical nociceptive threshold (Carr) measured 24 h later. At this time point 

sequentially increasing doses of TTX, each one-half log unit greater than the previous dose, 

were injected at 45 min inter-injection intervals. Prior to the injection of each higher dose of 

TTX, the mechanical nociceptive threshold was again assessed, to determine the effect of 

that dose on the carrageenan-induced mechanical hyperalgesia. TTX produced a dose-

dependent increase in mechanical nociceptive threshold, in the presence of carrageenan 

induced mechanical hyperalgesia. Of note, not even the highest dose elevated the 

mechanical nociceptive threshold above the pre-carrageenan baseline. (B) After the highest 

intramuscular dose of TTX, or vehicle, were injected the mechanical nociceptive threshold 

was monitored to evaluate time course of their antihyperalgesic effect. Compared to vehicle, 

TTX induced a significant increase in mechanical nociceptive threshold, reversal of 

hyperalgesia, up to twenty-four hours after the local injection of a 1 μg dose of TTX, in 

carrageenan-injected rats. *P < 0.05; ***P < 0.001.
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Figure 3. Local effect of TTX on ergonomic injury-induced mechanical hyperalgesia
After assessment of the mechanical nociceptive threshold (Baseline), rats were submitted to 

an eccentric exercise protocol. Twenty-four hours later, rats exhibited significant mechanical 

hyperalgesia (Pre). The local treatment (Post) with a dose of 1 μg of TTX, but not of D-PBS 

(Vehicle), markedly attenuated the eccentric exercise-induced muscle mechanical 

hyperalgesia. ***P < 0.001.
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Figure 4. Effect of intramuscular TTX on oxaliplatin-induced mechanical hyperalgesia
After assessment of the mechanical nociceptive threshold (Base), rats received an i.v. dose 

of oxaliplatin (2 mg/kg) and their mechanical nociceptive thresholds were assessed 4 and 15 

days later (OXP). At these time points sequentially increasing doses of TTX, each one-half 

log unit greater than the previous dose, were injected at 45 min inter-injection intervals. 

Prior to each higher dose of TTX, the mechanical nociceptive threshold was again assessed, 

to determine the effect of that dose on the oxaliplatin-induced mechanical hyperalgesia. (A) 

Four days after oxaliplatin injection TTX produced a small, albeit statistically significant, 

increase in mechanical nociceptive threshold compared to D-PBS vehicle (Veh). (B) Also 

four days after oxaliplatin injection, the higher dose of TTX (1 μg) was injected i.m., and the 

mechanical nociceptive threshold was measured at four different time points. TTX induced a 

small, albeit statistically significant, increase in mechanical nociceptive threshold after the 

local injection. (C) Fifteen days after oxaliplatin, only the highest dose of TTX (1 μg) 

produced a small, yet significant, increase in mechanical nociceptive threshold compared to 

vehicle. (B) Fifteen days after oxaliplatin injection, the dose of TTX (1 μg) was devoid of 

statistically significant effect on muscle mechanical hyperalgesia, as revealed by readings 

taken at 30 min to 2 hours. *P < 0.05; **P < 0.01.
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