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Key Clinical Message

Neurotoxic snake envenomation can result in respiratory failure and death.

Early treatment is considered important to survival. Inexpensive, heat-stable,

needle-free, antiparalytics could facilitate early treatment of snakebite and save

lives, but none have been developed. An experiment using aerosolized neostig-

mine to reverse paralysis suggests how early interventions could be developed.
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Lay Summary

Snakebite is arguably the most neglected of neglected

tropical diseases. It is a disease of poverty with numbers

of fatalities comparable to that of AIDS in some develop-

ing countries. Predominantly killing young and otherwise

healthy individuals, neurotoxins paralyze their victims—
resulting in death by respiratory failure. Most of these

victims would likely survive with early access to emer-

gency care. There is currently little funding to devise new

approaches to address this problem. It is estimated that,

for example, less than 25% of patients who die from

snakebite in India do so in the hospital. That means more

than 75% of patients who die from snakebite do not sur-

vive to receive treatments in the places best suited to treat

them. The goal of our experiment was to take that first

small step toward addressing this horrific problem and

begin finding ways in which initial treatments can be

brought to the victims of snakebite.

Anticholinesterases are a group of commonly used,

heat–stable, and inexpensive drugs that have been used

for decades to reverse chemically-induced paralysis in

operating rooms and, in intravenous form, to treat snake-

bite when antivenoms are not available or not effective.

They have also been used with experimental success in

animal models. We argue that developing inexpensive,

heat-stable, and easy-to-administer, topical antiparalytics

could facilitate early treatment of snakebite and save lives.

We report the first successful attempt to create a human

model for neurotoxic paralysis specifically designed to test

whether a nasally applied anticholinesterase could reverse

paralysis caused by a drug that clinically mimics some

critically important elements of neurotoxic envenomation.

Our finding suggests a novel strategy for the development

of field treatments—not just anticholinesterases—that

could substantially decrease the worldwide burden of

death and disability from neurotoxic envenomation and,

inevitably, more complex types of envenomation.

Introduction

Bulbar palsies and neck weakness are life-threatening

sequelae of some neurotoxic snakebites and are often

followed by respiratory failure and death. A common

mechanism between neurotoxic snakebite, nondepolariz-

ing neuromuscular blocking agents and myasthenia gravis

is interruption of the transmission of acetylcholine at the

neuromuscular junction. Although the exact mechanisms

by which these interruptions occur are many and

varied, the final common cause of disability and death in
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neurotoxic envenomation is loss of acetylcholine trans-

mission. In intravenous (IV) form, neostigmine, and

other anticholinesterases are used as reversal agents for

nondepolarizing curare-derived neuromuscular blocking

agents. In addition, a trial of anticholinesterase therapy is

recommended by the World Health Organization (WHO)

in virtually all cases of confirmed or suspected neurotoxic

snake envenomation. Interestingly, intranasal neostigmine

has shown promise in the treatment of other neuromus-

cular junction maladies such as myasthenia gravis—with

the bioavailability of topically applied neostigmine com-

parable to that of intravenous neostigmine. This led to

the idea that a topically applied anticholinesterase

might have utility in the early treatment of neurotoxic

snakebite.

We used a continuous mivacurium infusion to induce

neuromuscular blockade in a healthy volunteer, success-

fully mimicking many important elements of paralysis

from snakebite neurotoxicity as evidenced by progressive

bulbar deficits, neck and respiratory muscle weakness. A

single application of atomized 6% neostigmine quickly

improved clinical and acceleromyographic measures of

neuromuscular blockade.

The demonstration that topical neostigmine can

reverse weakness from a nondepolarizing neuromuscular

blocking agent suggests a new avenue for research in the

early treatment of neurotoxic snakebite. The systematic

development of inexpensive, heat-stable, easy-to-adminis-

ter, needle-free topical antiparalytics would facilitate early

treatment of snakebite and eventually even more com-

plex snakebite toxins by eliminating venipuncture.

Reductions in the time between bite and treatment are

considered universally important in the global challenge

to reduce death and disability by snakebite. Our case

study suggests a novel strategy fitting the specifications

of a solution to the challenge of early drug delivery in

the setting of neurotoxic envenomation that could save

lives and eventually be developed to treat more complex

envenomations.

Worldwide, snakebite causes hundreds of thousands of

deaths annually, mainly in children and young adults in

impoverished populations. In some developing countries,

the death rate from snakebite is actually comparable to

that from AIDS, with devastating personal, social, and

economic impact [1–3]. Snakebite is a leading cause of

accidental death in the developing world and remains a

seriously underestimated public health problem [4, 5].

The ability of anticholinesterase agents to reverse the

symptoms and signs of myasthenia gravis was famously

first described in a single case report by Dr. Mary Walker

in 1935 [6–9]. Intravenously (IV) administered neostig-

mine is routinely used to reverse neuromuscular blockade

by nondepolarizing muscle relaxants such as those origi-

nally derived from curare [10, 11] and was first described

as a promising or adjunct treatment for neurotoxic snake-

bite more than 40 years ago [12]. At present, IV adminis-

tration of anticholinesterases such as edrophonium and

neostigmine is considered first-line therapy in neuro-

toxic snakebite when antivenoms are not available or not

effective [13–16].
The World Health Organization unequivocally recom-

mends a trial of anticholinesterase in every patient with

neurotoxic envenoming, “as it would be in any patient

with suspected myasthenia gravis” [15, 17]. Commonali-

ties in mechanism of paralysis between snakebite and cur-

are have been suspected for more than 120 years [18,19]

and the pharmacologic and physiologic similarities

between neurotoxic envenomation and myasthenia gravis

were described at the microscopic level more than

40 years ago. In fact, I125-labeled snake neurotoxins were

used to elucidate the mechanism of acetylcholine receptor

loss in myasthenia gravis [20–24]. Neurotoxic snakebites,

curare-derived nondepolarizing neuromuscular blocking

agents, and myasthenia gravis all have in common inter-

ruption of the transmission of acetylcholine at nicotinic

cholinergic receptors. Animal research strongly suggests

that early treatment with parenteral anticholinesterase

agents greatly reduces mortality from neurotoxic enven-

omation [25, 26], while numerous studies and consensus

reports agree that rapid transport and early treatment at

capable facilities is a key to mortality reduction in human

victims [13–16, 27, 28].
Anticholinesterase agents such as neostigmine are

absorbed though the nasal epithelium, with bioavailability

in animals [29] and healthy young adults comparable to

that following intravenous administration [30]. Evidence

for the general safety and even the safety of self-adminis-

tered intranasal neostigmine to treat myasthenia gravis

already exists [29–33], but has not been reported for use

in the treatment of neurotoxic envenomation by snakes

or any other animals whose neurotoxins typically kill by

targeting the peripheral nervous system and paralyzing

their victims’ respiratory muscles [34]. Nor, to our

knowledge, has this ever been reported in the field of

anesthesia for the reversal of nondepolarizing neuromus-

cular blocking agents such as those derived from curare—
but the importance of such an innovation in the field of

surgery and anesthesia would likely be miniscule com-

pared to its implications if developed to help improve

outcomes in a global problem such as snakebite. Thus,

this is the focus of our discussion in this manuscript.

Although antivenoms are sometimes available, even if

the snake has been identified and corresponding antiven-

om exists, venomous bites often occur in remote loca-

tions far from population centers. Antivenoms themselves

are expensive, need refrigeration, and are associated with
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significant morbidity, thus requiring significant expertise

to administer and manage complications. Additionally,

victims are often unable to reach a hospital in time to

receive the needed treatment [35–37]. After more than

40 years of clinical experience with IV anticholinesterases,

and in particular neostigmine and edrophonium, ques-

tions remain about its most effective use and even its effi-

cacy in some neurotoxic envenomations [38–41], despite
calls for further scientific study dating back more than

30 years [38]. In the only placebo-controlled study per-

formed to date, the anticholinesterase edrophonium

improved all clinical and electrophysiological measure in

victims of bite by the Philippine cobra (Naja naja philip-

pinensis) [13].

In this study we developed a human model of paralysis

that mimics several important elements of neurotoxic

snakebite, and then used it to test the hypothesis that

neostigmine, administered by nasal spray, could reverse

neuromuscular blockade with a drug (mivacurium)

applied at a constant rate of infusion to insure that the

effects seen were not the result of drug metabolism, but

from the intervention drug.

Our findings suggest that the removal of the parenteral

route to treat the most immediately life-threatening

sequelae of neurotoxic and other complex forms of

envenomation is plausible. If systematically and thor-

oughly developed in human, animal, and clinical models,

the elimination of venipuncture could broaden access to

life-saving treatments where they are needed most.

Materials and Methods

Ethics statement and general setting

The Committee on Human Research at the University of

California, San Francisco, approved the study. A healthy

45-year-old male weighing 75.5 kg volunteered and gave

written, informed consent. The subject was intensively

monitored at all times by two anesthesiologists immedi-

ately before, during, and for five hours after the study. A

third physician not responsible for either drug adminis-

tration or airway protection collected data and made clin-

ical assessments of bulbar muscle function. The study was

conducted in the Anesthesiology Human Studies Research

Laboratory at the University of California, San Francisco,

that has intensive care capabilities.

Establishment and recording of
neuromuscular block and drug
administration

Mivacurium [Mivacron, Oslo, Norway], a curare-like

nondepolarizing agent was chosen for the study because

earlier studies conducted for other purposes suggested a

clinical course that could simulate neurotoxic envenoma-

tion. Importantly stable, near steady-state blood concen-

trations can be reached rapidly compared to other drugs

in its class, and its safety profile is good due to its rapid

elimination and neuromuscular blockade was achieved by

continuous infusion rather than bolus injection as is typi-

cal of envenomation [42–44]. Neuromuscular block was

quantified by using the train-of-four (TOF) ratio at the

left adductor pollicis (AP) muscle measured by acceler-

omyography and as described previously [43, 44]. When

the subject had significant oropharyngeal weakness and

met electrophysiological criteria for Level 3 block [43, 44]

a single dose of 0.2 g mg IV glycopyrrolate was adminis-

tered to prevent bradycardia. Five minutes later 6% neo-

stigmine dissolved in sterile water [33] was administered

using a primed atomizer (LMA MAD Nasal Device, LMA

Corporation North America, San Diego, California). A

total dose of 27.6 mg, 0.37 mg/kg with half the volume

insufflated in each nostril was given [30, 31, 33, 45] and

the subject was left undisturbed for a total period of

10 min (Shaded area, Figure 1) except for acceleromyo-

graphic recording. After the final set of measurements,

the mivacurium infusion was terminated and neuromus-

cular function was allowed to return spontaneously.

Emergency equipment and drugs including IV neostig-

mine and edrophonium (for reversal of mivacurium

block) and glycopyrrolate and atropine (for early treat-

ment of neostigmine toxicity) were at the bedside at all

times.

Clinical measures of muscle function

Clinical measures of muscle function emphasized those

that would be seen in the setting of neurotoxic envenom-

ation that could be readily measured in out-of-hospital

settings. The clinical assessments of muscle function were

as follows: visual acuity, ease of swallowing [43, 44], abil-

ity to protrude the tongue [43, 44], diction [43, 44], and

ability to raise the head completely off the bed for more

than 5 sec (neck flexion) [43, 44] with a postal scale

(WeighMax, Industrial City, California, USA) placed

under the subjects head to confirm complete elevation

and peak respiratory flow measured using a Tru-Zone

Peak Flow Meter (Monaghan, Plattsburg, New York). All

clinical data were recorded every 5 min throughout the

experiment and recorded separately by two physicians

who did not communicate with each other or with the

anesthesiologist managing the mivacurium infusion and

acceleromyographic TOF ratio recordings. The subject

was blinded to all clinical and acceleromyographic data as

well as to the mivacurium infusion rate and the levels of

neuromuscular blockade.
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Data analysis

The mivacurium infusion was maintained with

unchanged infusion rate, enabling the investigators to

determine the characteristics of neostigmine effect [43].

Analysis of TOF ratios were made using TOFMON soft-

ware (Schering-Plough Corporation, Kenilworth, NJ) and

considered stable if the values obtained 10 min apart dif-

fered less than 5% and accounting for repeated measures

[43, 44]. Student’s t-test results were calculated and

reported as average values, standard deviation (SD), and

95% confidence intervals (95% CI) [43, 44, 46].

Results

During administration of the mivacurium, the subject

experienced progressive weakness mimicking paralysis

from neurotoxic envenomation, including loss of visual

acuity, difficulty swallowing, jaw ptosis, tongue weakness,

inability to flex the neck, and the beginnings of breath-

ing difficulty. The subject was always fully awake and

breathing without assistance under the partial, but stable,

mivacurium-induced paralysis, and intranasally adminis-

tered neostigmine quickly relieved all clinically important

muscular deficits despite insuring constant pressure on

A

B

C

D

Figure 1. Clinical measures of muscle function are represented as a function of time with baseline measurements at Time 0 at the start of

mivacurium infusion and ending at 135 min with the termination of the mivacurium infusion. Intranasal neostigmine was administered at

115 min after establishing the presence of clinically significant neuromuscular impairment and electrophysiologically stable neuromuscular

blockade. Stable impairment and the constant mivacurium infusion rate allowed for pre- and postneostigmine administration comparisons as

illustrated by: A) progressive loss and recovery of visual acuity and B) ease of swallowing were affected before late loss of C) neck flexion, and

finally, D) decrement in peak flow, followed by almost complete recovery prior to terminating mivacurium after 135 min.
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synaptic function by mivacurium because of its constant

infusion rate.

Figure 1 illustrates the time course of the experiment

from the start of the mivacurium infusion (Time 0) to its

termination at 135 min. Neurological deficits were stable

within 100 min of the start of the mivacurium infusion

and 15 min prior to neostigmine administration, whereas

the stability of the neuromuscular blockade was estab-

lished in the 10 min preceding neostigmine administra-

tion (105 min). Baseline visual acuity was 20/20 and

became progressively worse until it exceeded 20/200 at

the most advanced levels of neuromuscular blockade (Fig-

ure 1A). Steady improvement was documented following

neostigmine administration. In previously reported exper-

iments, loss of visual acuity was one of the first deficits

noted and last to recover with mivacurium infusion,

which has been attributed to weakness of the extraocular

muscles [43]. The ability to swallow was progressively

impaired relatively early in the course of the experiment

starting at about 80 min and recovered fully by 10 min

after neostigmine administration (Figure 1B).

Figure 1C shows that the ability to lift the head (neck

flexion) off the bed for more than 5 sec was lost at

100 min and fully recovered 5 min later by the first test

of neck flexion following neostigmine administration.

Peak flow (L/min) decreased from 100% of baseline to

72% of baseline (95% CI 64.72–78.61) and returned to an

average of 91% of baseline after neostigmine administra-

tion (95% CI 85.24–97.26%) and was 95% of baseline by

the termination of the mivacurium infusion (Figure 1D).

At first, the subject did not feel as if breathing was

impaired, but at the deepest levels of neuromuscular

blockade he experienced difficulty wrapping his lips

around the peak flow meter and two measurements had

to be repeated to guarantee no air leak.

Acceleromyographic and clinical assessments of adduc-

tor pollicis muscle function are summarized in Table 1.

Briefly, the stimulating current was set 15 mA above

threshold for the TOF device to detect thumb movement

with final mAmps set at 39 mA based on a measured

twitch threshold for the subject was 24 mA. The TOF

ratio prior to neostigmine administration was stable at

0.56 and neostigmine was subsequently administered with

the mivacurium infusion maintained at unchanged infu-

sion rate of 2.5 ug/kg/min, enabling the investigators to

determine the characteristics of the neostigmine effect.

Neostigmine destabilized the adductor pollicis TOF ratio

with preneostigmine with a peak improvement adductor

pollicis TOF ratio of 0.70. Mean TOF ratios of

0.56 � 0.02, range 0.51–0.58, and CI 95% 0.54–0.57, and
postneostigmine administration 0.64 � 0.03, range 0.61–
0.70, and CI 95% (0.63–0.66).
There were no signs or symptoms of muscarinic-medi-

ated toxicity while the mivacurium infusion was running,

although the subject subsequently described the immedi-

ate and uncomfortable feeling of facial and lingual mus-

cles “rearranging and tightening” within 5 min of

receiving intranasal neostigmine. There was no stinging

sensation or irritation or sense of swallowing the spray.

There was no taste and no bronchospasm. No unantici-

pated effects occurred during the mivacurium infusion,

but asymptomatic bradycardia was noted just prior to

Table 1. Baseline clinical data in the first column are compared to stable level of neuromuscular blockade by mivacurium as measured by adduc-

tor pollicis TOF (train-of-four) ratios and clinical impairment represented in the second (middle) column, and the third column shows the clinical

response to intranasal neostigmine. Intranasal neostigmine antagonized the neuromuscular blockade as measured by TOF ratios and also improved

all clinical levels of muscle function prior to termination of the mivacurium infusion. A constant rate of mivacurium infusion combined with stabi-

lized TOF ratio and clinical impairment made it possible to compare changes attributable to the administration of intranasal neostigmine.

Baseline

Stable Clinical

Dysfunction + Stable

Neuromuscular Blockade

(TOF ratio)

Response to Intranasal

Neostigmine

Mivacurium Infusion Rate 0 2.5 mcg/kg/min 2.5 mcg/kg/min

Normalized TOF ratios

(mean � SD)

1.00 0.56 � 0.02 0.64 � 0.03

Range 0.51–0.58 Range 0.61–0.70

95% CI (0.54–0.57) 95% CI (0.63–0.66)

Visual Acuity 20/20 >20/200 20/20

Ease of Swallowing Easy Difficult Easy

Neck Flexion (Head Raise >5 s) Easy (+) Unable (-) Easy (+)

Peak Flow 100% 72% 91%

CI 95% (64.72–78.61) CI 95% (85.24–97.26)

Jaw Ptosis None Present None

Tongue Protrusion Easy Moderately Difficult Easy

Diction Normal Poor Improved
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stopping the mivacurium infusion was easily reversed

with IV glycopyrrolate, as were some symptoms concur-

rent with the episodes of bradycardia that included fascic-

ulations and one brief episode of abdominal cramping.

Discussion

Administration of mivacurium to a healthy adult male

under the closest monitoring conditions rapidly induced

impairments of muscle function clinically, if not mecha-

nistically, similar to those experienced by victims of neu-

rotoxic envenomation. These abnormalities included

progressive oropharyngeal muscle disability and loss of

ability to flex the neck. Loss of visual acuity as a marker

of extraocular muscle weakening, difficulty swallowing,

jaw ptosis, neck weakness, and decreased peak respiratory

flow. These effects were rapidly reversed by simple admin-

istration of neostigmine via nasal spray. These observa-

tions suggest that intranasal neostigmine may facilitate

the treatment of the most immediately lethal aspects of

many, but not necessarily all, types of neurotoxic enven-

omation, that is, neuromuscular weakness leading to air-

way obstruction, respiratory compromise, and death and

might decrease or delay the need for ventilator support.

The high vascularity of the rhinopharynx and favorable

bioavailability of a drug like neostigmine—when given by

the intranasal route—suggests a strategy that could facili-

tate early treatment in the setting of neurotoxic envenom-

ation by some snakes as well as weakness caused by

residual neuromuscular blockade in the hospital setting

[43, 47]. Furthermore, it is also well-documented that the

half-life of neostigmine given by the intranasal route is sig-

nificantly longer than that given by IV [30], so it is possi-

ble that a single dose of intranasal neostigmine, other

anticholinesterases, or drugs, not yet identified or discov-

ered, could be given in the prehospital setting could last

sufficiently long for the patient to protect his or her airway

reflexes until arriving at a hospital or clinic adequately

equipped to manage victims of snakebite [48]. In this

experiment, the highest acceptable dose of neostigmine

was administered [30, 31, 33, 45], but it was only average

for studies of bioavailability based on the weight of healthy

human subjects [30]. We do not know if a lower dose of

neostigmine would have been effective [30, 31, 33, 45].

In our experiment, what suggested the long duration of

neostigmine activity was the observation of continued

signs of neostigmine activity, including bradycardia,

abdominal cramping, and fasciculations several hours

after withdrawal of mivacurium. Many drugs and devices

have been developed for use by lay people specifically for

life-threatening emergencies (e.g., epinephrine autoinjec-

tors for anaphylaxis, nebulizers, and inhalers for asthma)

and with proper development, a needle-free system to

bridge the gap between field and hospital would likely

save many lives, possibly more than in any other setting

when one considers it is estimated that fewer than one-

fourth of patients who die from snake bite die in the hos-

pital [3]. We also suggest that the development of topical

anticholinesterase–anticholinergic drug combinations

would be a promisingly safe place to start because we are

not aware of any serious complications having ever been

reported as a result of IV neostigmine or edrophonium

use in the setting of neurotoxic snakebite, even at higher

than recommended doses [39].

Most likely, in practice, neostigmine, other anticholines-

terases, or completely different drugs applied topically

would be given at lower doses than the one we gave and

the clinical response monitored with adjustments and

repeated dosing made accordingly. Nevertheless, using our

experiment as an example, intranasal neostigmine could be

given as a mixture or nebulized with an equally inexpen-

sive, heat-stable, nasally absorbed anticholinergic agent

such as atropine [49]. IV atropine, like IV neostigmine, is

already recommended for prevention and management of

cholinergic crisis when anticholinesterases are given for

neurotoxic envenomation [15]. Such a mixed prepackag-

ing approach might improve envenomation outcomes

where prehospital venipuncture is contraindicated [15]

and it is imperative that such possibilities are examined in

vitro, in animal and human clinical models in order to,

ultimately, broaden access to care where it is needed most.

We tested and used the example of an anticholinester-

ase such as neostigmine because, in concept, it meets all

the specifications for the type of drug suited to the geo-

graphic realities of the global snakebite epidemic: What is

needed are heat stable and inexpensive, suggesting they

would be potentially useful where access to highly perish-

able, expensive, and difficult to administer remedies are

all barriers to treating populations that are at the highest

risk of lethal snakebites. There are dozens of anticholines-

terases (reversible and irreversible) and anticholinergic

compounds that could be combined with or without

permeation enhancers and other carriers to make drug

delivery more predictably achieve desired plasma concen-

trations if simple aqueous solutions are not adequate

[50]. Other drugs can be developed that address the com-

plexities of snake venoms, but because a trial of anticho-

linesterase is already an unequivocal recommendation

[15, 17] in the setting of neurotoxic envenomation it was

the most obvious place to begin this investigation into

topical rather than parenteral treatments for candidate

treatments using the strategy we suggest.

Estimates of snakebite incidence, prevalence, and mor-

tality vary greatly because most victims are invisible to

data collection, and data are based on statistical sampling

and public health records that are difficult to assess
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[3, 16, 36]. Nevertheless, with an estimated 5 million

bites per year and the estimated deaths numbering per-

haps hundreds of thousands, WHO has designated snake-

bite a “Neglected Tropical Disease” since 2009 [4, 16,

51]. However, a systematic search has not disclosed a sin-

gle funded human study of anticholinesterases in the set-

ting of neurotoxic envenomation. This represents a lost

opportunity to study the potential of inexpensive, heat-

stable, and potentially safe agents in the setting of neuro-

toxic envenomation. If the need for needles, by whatever

means, was removed from this equation, access to care

could be broadened and time required to vital treatment

decreased. In this communication, we describe a new

method for studying medications that could be used to

treat some types of neurotoxic envenomation and could

offer some advantages over animal models, including the

ability to assess clinically unique human features of neu-

romuscular dysfunction. There are dozens if not hun-

dreds of combinations of anticholinesterases and

anticholinergic agents that could be tried in simple com-

binations or with carriers to make delivery more predict-

able through the mucous membranes of the nose or eyes,

for example. In addition to humans, these types of non-

invasive treatments could be important in animal hus-

bandry where animals are as often the victims of

snakebite as humans [18].

Intranasal or otherwise topically applied anticholines-

terases such as neostigmine—and other candidate drugs

or drug combinations—could be delivered without

advanced technical skill. The importance of the global

snakebite problem and the potential for an efficient, effec-

tive solution warrants systematic investigation of topically

applied anticholinesterases and other drugs as a potential

first-line, in-the-field treatment strategy.
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