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Neosaxitoxin as a Local Anesthetic

Preliminary Observations from a First Human Trial
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Background: Neosaxitoxin is a phycotoxin that reversibly
blocks the voltage-gated sodium channels at the neuronal level.
Its activity results in blocking the axonal conduction, stopping
the propagation of the nerve impulse. The objective of the
present work was to evaluate neosaxitoxin as a local anesthetic
in a human trial.

Methods: The authors conducted a randomized, double-
blind, placebo-controlled trial with 10 healthy volunteers.
Subcutaneous injections were made in the middle posterior
skin of the calf: one leg received 50 �g neosaxitoxin, and the
contra-lateral leg received placebo. The anesthetic effect was
evaluated using a standardized human sensory and pain
model. TSA II Neurosensory Analyzer (Medoc Ltd, Minneap-
olis, MN) and von Frey technique were used to evaluate five
parameters: sensory threshold for warm and cold, pain
thresholds for heat and cold, and mechanical touch percep-
tion threshold. Measurements were made 0, 1, 3, 6, 9, 12, 16,
24, and 48 h after the injections.

Results: For all the patients, effective and complete blocking
of the evaluated parameters was obtained. As the blocking be-
gan to revert gradually, heat pain was the first to return to
normal values after 3 h. Cold pain was the longest sensation
abolished, achieving 24 h of blockade. The toxin was undetec-
ted in blood and urine samples. No adverse reactions to
neosaxitoxin were detected.

Conclusions: Neosaxitoxin showed an effective local anes-
thetic effect when injected in the subcutaneous plane. The
efficacy of a 50-�g dose of neosaxitoxin was shown. This is
the first report of neosaxitoxin as a local anesthetic in a
human trial.

VOLTAGE-GATED sodium channels are responsible for
the rising phase of the action potential in the membranes
of neurons and most electrically excitable cells.1 At least
nine distinct voltage-gated sodium channels have been
cloned from mammals, being broadly divided by its af-
finity to tetrodotoxin. NaV1.1, NaV1.2, NaV1.3, and
NaV1.7 are highly tetrodotoxin-sensitive, whereas
NaV1.5, NaV1.8, and NaV1.9 are tetrodotoxin-resistant to
varying degrees.2 Many of these channels have specific
tissue distributions, determining distinct excitation
properties.3

Local anesthetics are compounds that reversibly block
the neural conduction by occupying enough sodium
channels within an axon to interrupt activity, stopping
the depolarization, thus preventing the propagation of
action potential and neuronal communication.4

Clinically used local anesthetics such as aminoamides
(e.g., lidocaine) and amino esters (e.g., procaine) inhibit
sodium channel activity by binding in the inner pore,
entering from the intracellular side of the cell.1

In the last 20 yr, there has been an interest in the local
anesthetic activity of a group of highly potent natural
occurring toxins that bind the outer opening of sodium
channels.5 These agents, including tetrodotoxin and
saxitoxin and its analogs, bind to sodium channels with
high affinity and reversibility.6–13

Paralytic shellfish toxins are a group of phycotoxins,
nonprotein neurotoxins, synthesized by dinoflagellates
in marine littorals. These toxins are accumulated by filter
feeders bivalves, and, when they are consumed by mam-
mals, paralytic shellfish poisoning may occur.14–16 More
than 20 different natural paralytic shellfish poisoning
toxins have been found,14,16–19 all of them known as
analogs of saxitoxin, the first one isolated and the most
well studied and described.20

Neosaxitoxin, one of the saxitoxin analogs, differs from
saxitoxin by the addition of one oxygen atom, wherein the
hydrogen (-H) at Nitrogen 1 in saxitoxin is replaced by a
hydroxyl group (-OH) in neosaxitoxin. Neosaxitoxin has
shown greater potency than saxitoxin and its analogs and is
also more potent than tetrodotoxin in in vitro and in vivo
animal studies.5,12 The relative potencies of these toxic
compounds in in vitro and in vivo experiments are
neosaxitoxin � saxitoxin � tetrodotoxin.5,21

In studies searching for safer local anesthetics with less
local neuronal, cardiac, and central nervous system tox-
icity, it has been suggested that the risk of neuro- and
cardiotoxicity may be reduced by developing anesthet-
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ics that selectively bind to the tetrodotoxin receptor
site.22 Nevertheless, clinical applicability of tetrodotoxin
and saxitoxin and its analogs has been limited by the
possibility of systemic toxicity. However, in recent pub-
lications, local infiltration of paralytic toxins has been
shown to be safe and effective in clinical use.23–26

The aim of the present study was to evaluate the local
anesthetic effect of neosaxitoxin in a randomized, dou-
ble-blind, placebo-controlled trial in humans. To test its
anesthetic property, a validated human experimental
sensory evaluation model was used.27,28

Materials and Methods

Ten healthy male volunteers aged 18–32 yr were en-
rolled. The study was approved by the University of
Chile Clinic Hospital Ethics Committee, and written in-
formed consent was obtained from all the participants.
Volunteers were interviewed about their health history
and underwent a physical examination by Clinic Hospi-
tal physicians. Inclusion criteria were healthy men with
the ability to understand and respond to the tests per-
formed. Exclusion criteria were patients who consumed
any oral analgesics at least 10 days before the study,
patients with drugs abuse history, and patients showing
any sign of a psychiatric disorder during the clinical
examination. These clinical trials were performed with
anesthesiologists in attendance and in a location with
immediate access to the operating room, with facilities
for respiratory and hemodynamic support.

The study was performed as a double-blind, placebo-
controlled, randomized trial. Each volunteer acted as his
own control. The volunteers were injected in the poste-
rior middle skin of right and left calves. Subcutaneous
injections were made, evenly covering a marked qua-
drangular area (40 � 40 mm) in a standardized fan-like
fashion. The injections were made at the two opposite
angles of the square, injecting a total of 10 ml solution.
A 50-�g dose of neosaxitoxin in a saline solution of 0.9%
NaCl was used as a treatment, and saline solution was
used as the placebo. A computer-generated randomized
table was used to choose the leg to be injected with
either the placebo or the toxin in each volunteer.
Neosaxitoxin was purified from toxic shellfish collected
in Southern Chilean fjords. Toxin purity (98%) was de-
termined by high-performance liquid chromatography
with online fluorescence detection and online mass
spectroscopy analysis.14,29 The toxin was diluted in 0.9%
saline solution. No other additives were used. The doses
were produced in the Laboratorio Bioquı́mica de Mem-
brana, Facultad de Medicina, Universidad de Chile with
the approval of Instituto Nacional de Salud (National
Institutes of Health, Santiago, Chile). The areas were
infiltrated with 10 ml of the assigned treatment using a
0.8 � 50-mm (21-gauge) needle. Injections and prepara-

tions of syringes were performed by different research-
ers who were not involved in the sensory testing. Pain
on injection of the solution, not needle insertion, was
evaluated using a 0-10 visual analog scale. This scale was
anchored by the descriptions “no pain” (0) and “worst
pain imaginable” (10).

Assessment of pain and sensory thresholds was made
before the injections (baseline) and 1, 3, 6, 9, 12, 16, 24,
and 48 h after the injections. All sensory testing was
performed at the same time of the day in an isolated
quiet room with a controlled temperature of 23°C. The
subjects were resting in a relaxed position with their
eyes closed during all assessments.

The touch detection thresholds were determined by
mechanical stimuli with a series of monofilaments of
different strength. Ten hairs that covered the range from
0.1 to 100 force grams on a logarithmic scale (Touch
Test Sensory Evaluators; Stoelting Co., Wood Dale, IL)
were used. The touch detection threshold was defined
as the least force of mechanical stimulation that pro-
duced a sensation of touch or pressure. Eight stimuli
covering the infiltrated area were made with each hair,
beginning with the lightest of the 10, until at least one
half of the stimulations with one hair caused the speci-
fied sensation. The eight stimuli were applied with a rate
of approximately 1 Hz.

Thermal thresholds were determined by using a com-
puterized contact thermode (TSA II Neurosensory Ana-
lyzer; Medoc Ltd, Minneapolis, MN). All thresholds were
evaluated using a 30 � 30-mm thermode. All thermal
thresholds were determined as the average of three
assessments performed at 10-s intervals, from a baseline
temperature of 32°C and with a rate of change of 1°C/s.
The upper cutoff limit was 50°C, and the lower cutoff
was 0°C. Cold and warm detection thresholds were
defined as the smallest change from baseline that the
volunteer could perceive, and the volunteer pressed a
button as soon as the specific sensation was perceived.
The heat and cold pain detection threshold was the
temperature perceived as painful, and the volunteers
were instructed to react to the first sensation of pain.

Localized reactions at the injection site (erythema,
discoloration, hematoma, induration, swelling, and blis-
ters) and neosaxitoxin intoxication symptoms such as
nausea, headache, ataxia, perioral, and distal limb pares-
thesia were recorded. Two weeks after the injections,
the volunteers returned to the Clinical Hospital where
physicians evaluated the injection sites for persistent and
delayed reactions and the volunteers were questioned
regarding any abnormality. Two months after the injec-
tions, the volunteers were contacted by telephone and
asked about any trouble or incidents that they thought
might be related to the study applications.

Blood and urine samples were taken 1 h and 4 h after
the injection to determine the amounts of neosaxitoxin
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with the high-performance liquid chromatography tech-
nique using online fluorescence.14,29

Statistics
Normality of data was evaluated by using the Shapiro-

Wilk test. Comparisons were made by using Student t
test for parametric data and the Mann–Whitney U test for
nonparametric data. These analyses were conducted by
using Stata Statistical Software (Stata Corp., College Sta-
tion, TX). P values less than 0.05 were considered sta-
tistically significant. Neural blockade extent was defined
as the period with significantly reduced sensory sensitiv-
ity compared with baseline values. Assuming a two-sided
type I error protection of 0.05 and a power of 0.90, 10
patients in each of the groups were required to reveal a
reduction in mean of perception of 3°C, assuming a SD
of 2. Mean � SD values are reported in figures 1–5.

Results

None of the volunteers presented symptoms of
neosaxitoxin intoxication. No toxin could be detected in
blood and urine samples, using a cutoff limit of toxin
detection by online high-performance liquid chromatog-
raphy technique of 1 � 10�12 mol. Four volunteers had
small hematomas in the infiltration zone (two in the
toxin group and two in the placebo group) at the 24-h
evaluation; all disappeared after 2 weeks. No other local
reactions were presented. None of the volunteers noted
any motor disability or discomfort during the follow-up
period.

There was no significant difference between the
groups in any of the baseline evaluations, giving the
values a normal distribution in the five parameters eval-
uated.

There were no significant differences between the
neosaxitoxin and placebo injection pain. The mean pain
for the neosaxitoxin injection was 6.5 � 1.6 and for

placebo 5.8 � 2.1 (P � 0.41). Blinding was considered
adequate as no differences were observed.

The five parameters presented a complete block at 1 h
from the infiltration, showing P � 0.0001 in all cases. All
parameters reverted to the baseline level in a steady way.

Warm Detection Threshold
All volunteers almost reached the limit of 50°C (mean,

49.1 � 0.5°C) with no warm sensation (fig. 1). The
threshold gradually returned to baseline values 9 h from
the infiltration, being significantly elevated for 6 h.

Heat Pain Detection Threshold
All participants reported complete heat pain blockade

1 h post injection, reaching 50°C with no pain sensation
(fig. 2). This parameter presented the fastest return to
normal values, as the threshold remained elevated for
only 3 h after the injection.

Cold Detection Threshold
All participants reported a complete cold sensation

blockade the first 3 h post injection, exhibiting the
threshold down to 0°C, showing no dispersion (fig. 3).
Return to the baseline value was measured 12 h after
injection.

Cold Pain Detection Threshold
This parameter took the longest to return to the base-

line value (fig. 4). As with the cold sensation, all patients
reported a complete block of cold sensation for the first
3 h. The cold pain threshold then slowly returned to its
baseline value, achieving a significant 24 h of neural
blockade

Touch Detection Thresholds
Data of the applied forces are shown on a logarithmic

scale (fig. 5). This parameter presented a significant
reduction until 9 h post injection, showing a progressive

Fig. 1. Warm detection threshold (mean
� SD; n � 10). Open symbols represent
placebo values; closed symbols represent
neosaxitoxin values.
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return to normal values, in accordance with the all the
other parameters measured.

Discussion

This is the first report of neosaxitoxin testing as a
local anesthetic in a human randomized trial. Neosaxi-
toxin is an extremely potent agent, capable of produc-
ing, at a microgram level of dosage, clinically sensitive
blockage in a completely reversible manner. Typically,
local anesthetics like lidocaine and bupivacaine are
used in the 25- to 500-�g range, 1,000 to 10,000 times
greater than the neosaxitoxin dose tested in the
present study.

In this trial, we found a time-dependant reversal of
sensory parameters. The heat pain and warm sensation
were the earliest to revert, followed by mechanical per-
ception and cold sensation, and lastly the cold pain
sensation. In studies of spinal and epidural anesthesia
with lidocaine, a sequential temporal recovery of sensa-
tions has been noted, with the pinprick being the first to

revert, followed by touch and cold.30,31 Using transder-
mal lidocaine applications, it has been reported that
pinprick and cold sensations are more strongly affected
than the warm sensation measured with the receptor
site self-reporting of perceived intensity test.32 Accord-
ing to nerve fibers involved in perception, C fibers (small
unmyelinated) convey afferent sensory information, in-
cluding that of warm temperatures and a diffuse pain
response, whereas A delta fibers (small myelinated) relay
the sharp pain response and cold sensation.33 C fibers
are the most resistant to local anesthetics, as shown in
the rat sciatic nerve model, and have been shown to be
less sensitive to lidocaine than A delta fibers.34 C fibers
are also less sensitive to tetrodotoxin blocking than A
delta fibers in the frog sciatic nerve preparation and in
the rat dorsal roots.35,36

A possible physiologic explanation for this phenome-
non could be the fact that C fibers have a higher pres-
ence of NaV1.8 and NaV1.9 (tetrodotoxin-resistant so-
dium channels) than myelinated fibers.3,37–39 In Ranvier
nodes, there is also a predominance of NaV1.6, a tetro-

Fig. 3. Cold detection threshold (mean �
SD; n � 10). Open symbols represent pla-
cebo values; closed symbols represent
neosaxitoxin values. Significance was
reached 9 h after infiltration.

Fig. 2. Heat pain detection threshold
(mean � SD; n � 10). Open symbols rep-
resent placebo values; closed symbols
represent neosaxitoxin values.
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dotoxin-sensitive sodium channel.40 These data explain
the time sequence of sensation reversal shown in this
study, in which the warm sensation was the first to
revert because of the higher paralytic shellfish poisoning
toxin resistance of C fibers.

The anesthetic effect of outer sodium channel-block-
ing compounds such as tetrodotoxin and saxitoxin has
long been known and only been previously tested in
animal models5,13,22,41–43. Neosaxitoxin’s anesthetic ef-
fect has been studied only in an animal in vivo prepara-
tion, and in this experimental model, neosaxitoxin was
the most potent anesthetic when compared with saxi-
toxin, tetrodotoxin, and dc-saxitoxin.5

The amide-type local anesthetics like lidocaine, ropiva-
caine, and bupivacaine show highly toxic effects, mainly
cardiovascular (dysrhythmias and cardiac depression),
central nervous system toxicity (seizures and coma), and
direct nerve cell cytotoxicity.44,45 These undesirable
clinical effects have stimulated the search for safer local
anesthetics to reduce the risk of cardiac and central
nervous system toxicity produced by accidental intrave-

nous injection.46–48 Neosaxitoxin should have less car-
diotoxic effect than amide anesthetic agents because of
its lower affinity for cardiac sodium channel receptors.
Relative to axons, cardiac Purkinje fibers have extremely
low affinity to tetrodotoxin:49 the cardiac sodium chan-
nels bind tetrodotoxin with 200-fold lower affinity
mainly by one amino acid change in domain I, when
compared with the binding measured in brain and skel-
etal channel membrane preparations.1 In a model of rats
with intrathecally placed catheters, tetrodotoxin also
achieved an adequate anesthetic effect without causing
local neurotoxicity. This result was opposite that of
bupivacaine, which produced moderate to severe nerve
root injury when evaluated for histologic damage.22

The systemic toxicity of the outer pore blockers (te-
trodotoxin and saxitoxin) has been described extensive-
ly.13,43 Unlike that with conventional local anesthetics,
death from these toxins results primarily from respira-
tory failure due to diaphragmatic paralysis. The latter
occurs by direct action on the diaphragm and phrenic
nerves, rather than a central depressing effect.13 Respi-

Fig. 4. Cold pain detection threshold
(mean � SD; n � 10). Open symbols rep-
resent placebo values; closed symbols
represent neosaxitoxin values. There was
a complete block of cold sensation for
the first 3 h post injection. Significance
was reached 24 h after infiltration.

Fig. 5. Touch detection thresholds (mean
� SD; n � 10). Open symbols represent
placebo values; closed symbols represent
neosaxitoxin values.
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ratory support is the mainstay of treatment. On average,
24-72 h are usually required for a complete neurologic
recovery.50 Moreover, severely paralytic shellfish poison-
ing-intoxicated patients have recovered without neuro-
logic impairment or other clinical damages.51 If inadver-
tent intravenous injection were to occur in the presence
of a vigilant anesthesiologist, most episodes could be
managed successfully without sequelae by proper atten-
tion to ventilation.43 Is important to keep in mind that
international official regulations allow consumption of
shellfish with a safe limit of 80 �g saxitoxin, equivalent
to 100 g shellfish meat.‡‡

In conclusion, this is the first report of neosaxitoxin
use as local anesthetic in a human trial. Neosaxitoxin
showed effective local anesthetic properties, blocking
the five sensitive parameters measured in this trial. On-
going studies using highest doses of neosaxitoxin will
show its limits and maximal effects as a local anesthetic
compound. Our data will open a whole new line of
research in acute and chronic pain management with
this phycotoxin.

The authors acknowledge the support of The Henry Mayer Center, Hospital
Clı́nico Universidad de Chile, and thank David Sisco, B.S., Santiago, Chile, for
revision of the manuscript.

References

1. Catterall WA: From ionic currents to molecular mechanisms: The structure
and function of voltage-gated sodium channels. Neuron 2000; 26:13–25

2. Goldin AL, Barchi RL, Caldwell JH, Hofmann F, Howe JR, Hunter JC, Kallen
RG, Mandel G, Meisler MH, Netter YB, Noda M, Tamkun MM, Waxman SG, Wood
JN, Catterall WA: Nomenclature of voltage-gated sodium channels. Neuron 2000;
28:365–8

3. Wood JN, Boorman JP, Okuse K, Baker MD: Voltage-gated sodium channels
and pain pathways. J Neurobiol 2004; 61:55–71

4. Fink BR: The long and the short of conduction block. Anesth Analg 1989;
68:551–5

5. Kohane DS, Lu NT, Gokgol-Kline AC, Shubina M, Kuang Y, Hall S, Strichartz
GR, Berde CB: The local anesthetic properties and toxicity of saxitonin homo-
logues for rat sciatic nerve block in vivo. Reg Anesth Pain Med 2000; 25:52–9

6. Lagos N, Andrinolo D: Paralytic shellfish poisoning (PSP): Toxicology and
kinetics, Seafood and Freshwater Toxins: Mode of Action, Pharmacology and
Physiology. Edited by Botana LM. New York, Marcel Dekker, 2000, pp. 203–15

7. Andrinolo D, Iglesias V, Garcı́a C, Lagos N: Toxicokinetics and toxicody-
namics of gonyautoxins after an oral toxin dose in cats. Toxicon 2002; 40:699–
709

8. Kao CY: Tetrodotoxin, saxitoxin and their significance in the study of
excitation phenomenon. Pharm Rev 1966; 18:997–1049

9. Narahashi T: Mechanism of action of tetrodotoxin and saxitoxin on excit-
able membranes. Fed Proc 1972; 31:1124–32

10. Catterall WA, Morrow CS, Hartshorne RP: Neurotoxin binding to receptor
sites associated with voltage-sensitive sodium channels in intact, lysed, and
detergent-solubilized brain membranes. J Biol Chem 1979; 254:11379–87

11. Moczydlowski E, Hall S, Garber SS, Strichartz GS, Miller C: Voltage-depen-
dent blockade of muscle Na� channels by guanidinium toxins: Effect of toxin
charge. J Gen Physiol 1984; 84:687–704

12. Strichartz GS, Hall S, Magnani B, Hong CY, Kishi Y, Debin JA: The
potencies of synthetic analogues of saxitoxin and the absolute stereoselectivity of
decarbamoyl saxitoxin. Toxicon 1995; 33:723–37

13. Kao CY: Pharmacology of tetrodotoxin and saxitoxin. Fed Proc 1972;
31:1117–23

14. Lagos N: Microalgal bloom: A global issue with negative impact in Chile.
Biol Res 1998; 31:375–86

15. Lagos N: Paralytic shellfish poisoning phycotoxins: Occurrence in South
America. Comments Toxicol 2003; 9:1–19

16. Oshima Y: Postcolumn derivatization liquid chromatographic method for
paralytic shellfish toxins. J AOAC Int 1995; 78:528–32

17. Harada T, Oshima Y, Yasumoto T: Structure of two paralytic shellfish
toxins, Gonyautoxins V and VI, isolated from a tropical dinoflagellate, Pyro-
dinium bahamense var. compressa. Agric Biol Chem 1982; 46:1861–4

18. Onodera H, Satake M, Oshima Y, Yasumoto T, Carmichael WW: New
saxitoxin analogues from the freshwater filamentous cyanobacterium Lyngbya
wollei. Nat Toxins 1997; 5:146–151

19. Lagos N, Onodera H, Zagatto PA, Andrinolo D, Azevedo SM, Oshima Y:
The first evidence of paralytic shellfish toxins in the freshwater cyanobacterium
Cylindrospermopsis raciborskii, isolated from Brazil. Toxicon 1999; 37:1359–73

20. Schantz EJ, Ghazarossian VE, Schones HK, Strong FM: The structure of
saxitoxin (letter). J Am Chem Soc 1975; 97:1238–9

21. Strichartz G, Rando T, Hall S, Gitschier J, Hall L, Magnani B, Bay CH: On the
mechanism by which saxitoxin binds to and blocks sodium channels. Ann N Y
Acad Sci 1986; 479:96–112

22. Sakura S, Bollen AW, Ciriales R, Drasner K: Local anesthetic neurotoxicity
does not result from blockade of voltage-gated sodium channels. Anesth Analg
1995; 81:338–46

23. Rodriguez-Navarro AJ, Lagos N, Lagos M, Braghetto I, Csendes A, Hamilton
J, Berger Z, Wiedmaier G, Henriquez A: Intrasphincteric neosaxitoxin injection:
Evidence of lower esophageal sphincter relaxation in achalasia. Am J Gastroen-
terol 2006; 101:2667–8

24. Garrido R, Lagos N, Lattes K, Azolas CG, Bocic G, Cuneo A, Chiong H,
Jensen C, Henriquez AI, Fernandez C: The gonyautoxin 2/3 epimers reduces anal
tone when injected in the anal sphincter of healthy adults. Biol Res 2004;
37:395–403

25. Garrido R, Lagos N, Lattes K, Abedrapo M, Bocic G, Cuneo A, Chiong H,
Jensen C, Azolas R, Henriquez A, Garcia C: Gonyautoxin: New treatment for
healing acute and chronic anal fissures. Dis Colon Rectum 2005;48:335-40

26. Garrido R, Lagos N, Lattes K, Abedrapo M, Bocic G, Cuneo A, Chiong H,
Jensen C, Azolas R, Henriquez A, Garcia C: New toxin treatment for anal fissures.
Nat Clin Pract Gastroenterol Hepatol 2005; 2:126–7

27. Pedersen JL, Kehlet H: Hyperalgesia in a human model of acute inflamma-
tory pain: A methodological study. Pain 1998; 74:139–51

28. Shy ME, Frohman EM, So YT, Arezzo JC, Cornblath DR, Giuliani MJ,
Kincaid JC, Ochoa JL, Parry GJ, Weimer LH: Quantitative sensory testing: report
of the therapeutics and technology assessment subcommittee of the American
Academy of Neurology. Neurology 2003; 60:898–904

29. Andrinolo D, Michea LF, Lagos N: Toxic effects, pharmacokinetics and
clearance of Saxitoxin, a component of Paralytic Shellfish Poison (PSP), in cats.
Toxicon 1999; 37:447–64

30. Sakura S, Sumi M, Yamada Y, Saito Y, Kosaka Y: Quantitative and selective
assessment of sensory block during lumbar epidural anaesthesia with 1% or 2%
lidocaine. Br J Anaesth 1998; 81:718–22

31. Liu S, Kopacz DJ, Carpenter RL: Quantitative assessment of differential sen-
sory nerve block after lidocaine spinal anesthesia. ANESTHESIOLOGY 1995; 82:60–3

32. Sakai T, Tomiyasu S, Yamada H, Ono T, Sumikawa K: Quantitative and
selective evaluation of differential sensory nerve block after transdermal lido-
caine. Anesth Analg 2004; 98:248–51

33. Almeida TF, Roizenblatt S, Tufik S: Afferent pain pathways: A neuroana-
tomical review. Brain Res 2004; 1000:40–56

34. Gokin AP, Philip B, Strichartz GR: Preferential block of small myelinated
sensory and motor fibers by lidocaine: In vivo electrophysiology in the rat sciatic
nerve. ANESTHESIOLOGY 2001; 95:1441–54

35. Buchanan S, Harper AA, Elliott JR: Differential effects of tetrodotoxin
(TTX) and high external K� on A and C fibre compound action potential peaks
in frog sciatic nerve. Neurosci Lett 1996; 219:131–4

36. Steffens H, Eek B, Trudrung P, Mense S: Tetrodotoxin block of A-fibre
afferents from skin and muscle: A tool to study pure C-fibre effects in the spinal
cord. Pflugers Arch 2003; 445:607–13

37. Devor M: Sodium channels and mechanisms of neuropathic pain. J Pain
2006; 7:S3–12

38. Coggeshall RE, Tate S, Carlton SM: Differential expression of tetrodotoxin-
resistant sodium channels Nav1.8 and Nav1.9 in normal and inflamed rats.
Neurosci Lett 2004; 355:45–8

39. Fang X, Djouhri L, Black JA, Dib-Hajj SD, Waxman SG, Lawson SN: The
presence and role of the tetrodotoxin-resistant sodium channel Na(v)1.9(NaN) in
nociceptive primary afferent neurons. J Neurosci 2002; 22:7425–33

40. Caldwell JH, Schaller KL, Lasher RS, Peles E, Levinson SR: Sodium channel
Na (v) 1.6 is localized at nodes of ranvier, dendrites, and synapses. Proc Natl Acad
Sci U S A 2000; 97:5616–20

41. Adams HJ, Blair MR Jr, Takman BH: The local anesthetic activity of
saxitoxin alone and with vasoconstrictor and local anesthetic agents. Arch Int
Pharmacodyn Ther 1976; 224:275–82

42. Evans MH: Topical application of saxitoxin and tetrodotoxin to peripheral
nerves and spinal roots in cat. Toxicon 1968; 5:289–94

43. Kohane DS, Yieh J, Lu NT, Langer R, Strichartz G, Berde CB: A reexami-
nation of tetrodotoxin for prolonged anesthesia. ANESTHESIOLOGY 1998; 89:119–31

44. Covino BG: Pharmacology of local anaesthetic agents. Br J Anaesth 1986;
58:701–16

‡‡ Fish and Fishery Products Hazards and Controls Guidance, 3rd edition.
Chapter 6: Natural Toxins. June 2001. Food and Drug Administration. Available
at: http://www.cfsan.fda.gov/�comm/haccp4f.html. Accessed September 11,
2006.

344 RODRIGUEZ-NAVARRO ET AL.

Anesthesiology, V 106, No 2, Feb 2007

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/106/2/339/362739/0000542-200702000-00023.pdf by guest on 09 April 2024



45. Myers RR, Kalichman MW, Reisner LS, Powell HC: Neurotoxicity of local
anesthetics: Altered perineural permeability, edema, and nerve fiber injury.
ANESTHESIOLOGY 1986; 64:29–35

46. Stewart J, Kellett N, Castro D: The central nervous system and cardiovas-
cular effects of levobupivacaine and ropivacaine in healthy volunteers. Anesth
Analg 2003; 97:412–6

47. Reinikainen M, Hedman A, Pelkonen O, Ruokonen E: Cardiac arrest after
interscalene brachial plexus block with ropivacaine and lidocaine. Acta Anaes-
thesiol Scand 2003; 47:904–6

48. Brown DL, Ransom DM, Hall JA, Leicht CH, Schroeder DR, Offord KP:

Regional anesthesia and local anesthetic-induced systemic toxicity: Seizure
frequency and accompanying cardiovascular changes. Anesth Analg 1995;
81:321–8

49. Baer M, Best PM, Reuter H: Voltage-dependent action of tetrodotoxin in
mammalian cardiac muscle. Nature 1976; 263:344–5

50. Isbister GK, Kiernan MC: Neurotoxic marine poisoning. Lancet Neurol
2005; 4:219–28

51. Garcia C, Lagos M, Truan D, Lattes K, Vejar O, Chamorro B, Iglesias V,
Andrinolo D, Lagos N: Human intoxication with paralytic shellfish toxins: Clinical
parameters and toxin analysis in plasma and urine. Biol Res 2005; 38:197–205

345LOCAL ANESTHETIC PROPERTIES OF NEOSAXITOXIN

Anesthesiology, V 106, No 2, Feb 2007

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/106/2/339/362739/0000542-200702000-00023.pdf by guest on 09 April 2024


