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SUMMARY 
 

 

Snake envenoming is a major public health hazard in the tropics. Paralysis is a major clinical 

effect of snake envenoming neurotoxicity which does not appear to respond well to 

antivenom. Neuromuscular dysfunction in snake envenoming results from the actions of 

toxins that either irreversibly damage motor nerve terminals (pre-synaptic) or reversibly 

inhibit nicotinic acetylcholine receptors (nAChR; post-synaptic). The clinical importance of 

pre-synaptic versus post-synaptic neurotoxins, and whether antivenom can reverse or 

neutralise the toxin effects, requires further clarification. 

The broad aim of the present doctoral study was to investigate the pathophysiology of 

neuromuscular dysfunction in human snake envenoming and the role of antivenom in treating 

venom-induced neuromuscular dysfunction.  

To investigate the current clinical evidence for antivenom therapy for neurotoxic snake 

envenoming, a systematic review was conducted. A one-year cohort study of authenticated 

Indian Krait and Russell’s viper bites in Sri Lanka was conducted with serial recording of 

clinical effects and single fibre electromyography. Neurotoxins were isolated from snake 

venoms using liquid chromatography. In vitro neurotoxicity of toxins/venoms was studied 

using the chick biventer cervicis nerve muscle preparation. Xenopus oocytes with expressed 

human and rat nAChR were subjected to two electrode voltage clamping to study binding of 

long and short chain post-synaptic (α) toxins. All toxin/venom studies included studies with 

antivenom. 

The systematic review yielded no randomised placebo-controlled trials for 70 years indicating 

lack of quality clinical evidence. In the cohort study, severe paralysis occurred in 17/33 krait 

bite patients, requiring mechanical ventilation for up to 7 days, despite early antivenom 

administration binding circulating venom. Mild neurotoxicity occurred in 130/245 Russell’s 
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viper bite patients which also did not improve with antivenom. A 13.6kDa weak pre-synaptic 

toxin with phospholipase A2 activity (U1-viperitoxin Dr-1a), was identified as the major 

neurotoxin in Sri Lankan Russell’s viper venom that accounted for the mild non-life-

threatening effects in humans. The myotoxicity caused by Sri Lankan Russell’s viper 

envenoming was mild and the causative toxins were two weak phospholipase A2 toxins (U1-

viperitoxin Dr-1a and b). Thai neuro-polyvalent, Australian polyvalent antivenom and Indian 

antivenom neutralised both in-vitro pre and post synaptic neurotoxic effects of Asian krait 

venoms. In further experiments there was significant cross-neutralisation by Asian and 

Australian antivenoms of post-synaptic and pre-synaptic neurotoxins. Short chain α-toxins 

were markedly less potent and more reversible on human nAChR compared to rat nAChR. 

Long chain toxins bound to both species nAChR with similar affinity.  A review of venomic 

proteome and clinical data indicates that paralysis in humans following snakebite is likely to 

be due to Long chain α-toxins, but not Short chain α-toxins. 

The ineffectiveness of antivenom is due to the irreversible pathophysiology of pre-synaptic 

neurotoxins, despite antivenom binding circulating venom. Post-synaptic α-neurotoxins are 

less likely to cause reversible neurotoxicity in humans, except with massive envenoming. All 

neurotoxins share common antigenic regions enabling them to be cross-neutralised. 

This study demonstrated that clinical ineffectiveness of snake antivenom is not due to poor 

efficacy, but related to the pathophysiology of neurotoxicity. The ability of antivenoms to 

cross neutralise diverse neurotoxins indicates the potential for a universal neurotoxic 

antivenom. The study challenges the long-established idea of the clinical importance of post-

synaptic toxins. 
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1. Snakebite: Global picture  

Envenoming due to snakebite is a common and important health issue in the tropics. There is 

currently no accurate estimate of the global burden of snakebite, mainly due to poor reporting 

(Chippaux, 2008; Warrell, 2010). Based on reported snakebites in some countries, an 

estimated 421,000-1,841,000 envenomings and 20,000-92,000 deaths are believed to occur 

annually across the globe (Kasturiratne et al., 2008). The highest incidence of snakebite and 

mortality occurs in South Asia, South-East Asia, Sub-Saharan Africa and Latin America 

(Kasturiratne et al., 2008). 

Snakebite mostly affects rural farming communities in resource poor countries in the above 

regions and, for these communities, snakebite is an occupational and environmental health 

hazard (Williams et al., 2010). Further, snakebite is considered as a disease of poverty 

(Harrison et al., 2009). Hospital statistics from the most affected areas do not appear to 

represent the true burden of snakebite as many snakebite victims seek treatment from 

traditional practitioners rather than present to hospitals (Fox et al., 2006). These factors are 

highly likely to collectively give less recognition to snakebite as a globally important health 

issue, despite its high burden. Hence, snakebite has been recognized as a Neglected Tropical 

Disease by the World Health Organization (World Health Organisation, 2009, 2017).  

2. Venomous snakes 

Of the approximately 3150 known snake species (Vidal et al., 2007), nearly 2700 species 

belong to a relatively recently diverged group Caenophidia, or advanced snakes, who possess 

a complete venom delivery system or part of such system (Vonk et al., 2008). These snakes 

belong to four families, i.e. Viperidae, Elapidae, Atractaspididae and Colubridae. Of these 

only about 600 species, almost exclusively belonging to the three monophyletic families 

Viperidae, Elapidae and Atractaspididae, are known to be potentially dangerous to humans 

(Vonk et al., 2011). The remaining caenophidians have classically been treated within the 
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paraphyletic ‘catch-all’ family, Colubridae, which includes snakes largely posing no danger to 

humans (Vonk et al., 2011). However, recent molecular studies have suggested promotion of 

several snake groups to the family level, which have long been classified under Colubridae 

(Vidal et al., 2007; Vonk et al., 2008). Venomous snakes inhabit a range of arboreal, aquatic, 

terrestrial and fossorial habitats throughout the world, except Antarctica. 

The heterogenous snake family, Elapidae, contains 60 genera and approximately 300 species 

which includes snake groups of high medical importance such as Kraits, Cobras, Mambas, 

Sea snakes, Coral snakes and Australian snakes (Chippaux, 2006). This family is distributed 

across Asia, Africa, America and Australia, including tropical waters. Elapids possess non-

movable front fangs which are usually tubular to facilitate the delivery of venom during the 

bite (Jackson, 2007). Further, because of the remarkable ability of these snakes to control 

venom delivery, sometimes no venom is delivered during a bite resulting in ‘dry bites’ 

(Jackson, 2003). Typically, envenoming by elapids leads to rapid and progressive 

neuromuscular paralysis, resulting in asphyxia due to paralysis of the respiratory muscles. 

Viperids (family: Viperidae) are highly adaptable having colonized many environments 

including deserts. These snakes represent 33 genera and more than 230 species. Vipers have a 

highly effective venom apparatus with long movable/rotatable, tubular front fangs which 

deliver the venom at relatively high pressure from their large venom glands. The family is 

subdivided into two main groups; the pit vipers (subfamily: Crotalinae) are found in Asia and 

America and the true vipers (subfamily: Viperinae) are found only in the Old World (Africa, 

Europe and Asia) (Chippaux, 2006). Pit vipers possess infrared sensitive loreal pits which 

help the snake to track warm-blooded prey in the dark.  

Although colubrids are the largest snake family in the world (family: Colubridae), and 

widespread across the globe, only a few species possess glands (Duvernoy’s glands) 

producing venom-like secretions. When present, these glands may be associated with a low 
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pressure delivery system that includes grooved or ungrooved, posteriorly placed, enlarged 

maxillary teeth (Weinstein et al., 2011). This system requires the wide opening of the snake’s 

mouth for an adequate duration in order to transfer the venom through a shallow channel 

during a bite. Therefore, effective venom delivery to a human during a bite is less likely in the 

usual brief and shallow bite by these snakes (Valenta, 2010). In general, apart from a few 

taxa, venomous colubrids pose little danger to humans. 

The snake family Atractaspididae contains 10 genera and 70 species of primitive and 

burrowing snakes, which are restricted to Africa and the Middle East. Some of these species 

possess movable, even to the side of the mouth, front fangs enabling them to strike side-ways. 

Some atractaspidids have non-movable rear fangs (Valenta, 2010). Only a few species are 

considered dangerous to humans, with systemic envenoming potentially leading to 

cardiovascular and neurological disturbances, and may be fatal. 

3. Snake venom 

The primary purpose of venom is to enable venomous snakes to quickly neutralize or subdue 

prey animals (Calvete et al., 2009; Casewell et al., 2013). The venom components play 

diverse roles related to foraging such as immobilizing, paralysing, liquefying prey as well as 

deterring competitors (Juárez et al., 2008). It is believed that the venom systems of reptiles 

originated from a single ancestor 200 million years ago (Fry et al., 2006) and the front-fanged 

venom systems evolved in elapids, viperids and atractaspidids separately at different times 

(Jackson, 2003). Since diet plays a major role in venom evolution (Daltry, Wuster and 

Thorpe, 1996), subsequent diversification lead to a high variation of venom components not 

only among closely related taxa, but also led to variation within the same species by factors 

such as geographical distribution (Suzuki et al., 2010), ontogeny (Andrade and Abe, 1999) 

and sex (Menezes et al., 2006). 
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Snake venom is a highly complex natural secretion, a mixture of a large number of toxins and 

enzymes with a wide range of biological actions (Calvete et al., 2009; Casewell et al., 2013). 

The venom glands, usually located in the head of the snake, produce venom. Sophisticated, 

diverse and efficient delivery systems have been developed to deliver the venom from the 

venom glands to the prey or the victim (Jackson, 2003). Of the dry weight of venom, 90 to 

95% consists of proteins and peptides, which have enzymatic activity and/or ligand binding 

ability in other organisms (Markland, 1998; Mackessy, 2009), and are referred to as toxins. 

The collective effects of these toxins result in the varying clinical effects of envenoming in 

animals and humans. 

Structurally and functionally diverse snake venom proteins with high molecular weight show 

enzymatic activity on diverse substrates in target sites including components of the 

coagulation cascade, red blood cell membrane, neuromuscular junction, skeletal and cardiac 

muscles, extracellular space and vascular endothelium (Chippaux, 2006). Some snake venom 

enzyme groups, such as metalloproteases, depend on metal ions such as calcium or zinc for 

their enzymatic activity. Although enzymatic activity is related to the toxic activity of venom 

enzymes in most cases, the toxicity of some venom enzymes, such as certain phospholipases, 

may not be related to their enzymatic activity (Kini, 2003). Snake venom phospholipase A2 

(PLA2) are present in all snake venoms to varying amounts and possess diverse properties 

including neurotoxic, myotoxic, cardiotoxic, haemolytic, anticoagulant, hypotensive and local 

tissue necrotic activity (Kini, 2003; Gutiérrez and Lomonte, 2013). Enzymes such as snake 

venom metalloproteinases and thrombin-like snake venom serine proteinases, which are 

associated with coagulopathy, haemorrhage and fibrinolysis, are more abundant in Viperid 

venoms (Chippaux, 2006; Mackessy, 2009; Markland and Swenson, 2013). 

Snake venoms are also rich in low molecular weight polypeptide toxins without enzymatic 

action. These bind with high affinity to a wide range of receptors, ion channels and plasma 
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proteins, exerting diverse toxic effects and can lead to the immobilization of prey (McCleary 

and Kini, 2013). Three finger toxins, proteinase inhibitors, bradykinin-potentiating peptides, 

c-type lectins and related proteins, and vascular endothelial growth factors are among the 

better studied toxin families. Although members within each toxin family share remarkably 

similar primary, secondary and tertiary structures, the pharmacological properties of these 

differ greatly (Vonk et al., 2011; Casewell et al., 2013; McCleary and Kini, 2013). 

Table 1: Major groups of enzymatic and non-enzymatic toxins in snake venoms.  

(Kini, 2002, 2011; Yamazaki and Morita, 2004; Kang et al., 2011; Arlinghaus and Eble, 

2012; Bruserud, 2013; Junqueira-de-Aazevedo et al., 2016; Lodovicho et al., 2017; Pla et al., 

2017) 

Toxin group Enzymatic 

activity 

Origin Major toxicities 

Phospholipase A2 Yes All species Neurotoxicity, myotoxicity, 

cardiotoxicity, haemolysis, 

anticoagulation, hypotension, 

local tissue necrosis 

L-amino acid 

oxidase 

Yes Crotalinae, 

Elapinae 

Haemorrhagic, anticoagulant, 

platelet aggregation   

Snake Venom 

Metalloproteinases 

Yes Crotalinae, 

Colubridae 

Haemorrhagic 

Snake venom Serine 

Proteinases 

Yes Crotalinae Fibrinogenolytic 
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Hyaluronidase Yes Crotalidae, 

Elapidae 

Local tissue necrosis, 

procoagulant 

Three-finger toxins No Elapids, 

Viperids, 

Colubrids 

Neurotoxicity, cytotoxicity, 

cardiotoxicity 

Cysteine-rich 

secretory proteins 

(CRISP) 

No Elapids, 

Colubrids, 

Viperids 

Relaxation of smooth muscles, 

Myotoxicity 

C-type lectins No Viperids, 

Colubrids 

Anti-coagulant, antithrombotic 

 

4. Clinical effects of snake envenoming 

A venomous snakebite results in venom being injected into a prey or victim’s body through a 

bite wound created by the fangs of the snake (or absorption through mucous membranes 

during an attack by a ‘spitting’ snake). For an animal to be effectively envenomed, the venom 

must be delivered in sufficient amounts to cause local or systemic toxic features. Several 

factors such as the amount of injected venom, venom composition, route of venom 

absorption, and the body mass of the animal, determine the degree of envenoming (Chippaux, 

2006; Mackessy, 2009; Valenta, 2010). In the case of humans there are further factors that 

influence the severity of envenoming, including first aid measures, time to antivenom 

administration and other therapeutic interventions. This is the reason that there is a wide range 

in the clinical severity of clinical envenoming in patients, from non-envenoming to severe and 

life-threatening envenoming. Snake envenoming also manifests in varying combinations of 

clinical features in humans, including local tissue damage, neurotoxicity, coagulopathy and 
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haemorrhage, acute kidney injury, myotoxicity, primarily depending on the composition of 

the venom that is being injected during the bite. 

4.1 Local envenoming 

Direct tissue damage and the alteration of normal physiological processes by the venom, and 

the fangs, at the bite site and/or the surrounding area result in local envenoming. Local 

envenoming is more severe in most viper and cobra bites, and at times requires surgical 

intervention that may cause permanent disability, such as limb amputation. Usually local 

envenoming  initially manifests with fang marks (usually two or more), pain, erythema, 

oedema and bluish discolouration. With more severe local envenoming this may progress 

with haemorrhagic blistering, local tissue necrosis and gangrene (Chippaux, 2006; Kularatne 

et al., 2009; Valenta, 2010). In many pit-viper bites, local envenoming can result in profound 

and rapidly worsening oedema that leads to the rapid rise in tissue pressure within muscle 

compartments and may require decompression by surgical intervention (Bucaretchi et al., 

2010). In addition, the oedema and fluid sequestration may cause vascular depletion and 

hypotension, particularly for lower limb bites. 

Treatment of local envenoming and minimizing the tissue damage that occurs has always 

been a great challenge, despite many therapeutic approaches have been tested (Sellahewa, 

Gunawardena and Kumararatne, 1995; Rojnuckarin et al., 2006; Chotenimitkhun and 

Rojnuckarin, 2008). Many survivors of snakebite can end up with varying degrees of 

permanent disability due to local envenoming (Gutiérrez, Theakston and Warrell, 2006). 

4.2 Coagulopathy 

Abnormalities in blood coagulation are probably the most common feature of systemic 

envenoming due to snakebite in humans, because all venomous snake families can cause 

disturbances in coagulation to varying degrees (Chippaux, 2006; Isbister, 2009; Warrell, 
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2010). In most cases snake toxins cause a consumptive coagulopathy that leads to defective 

blood clotting in snakebite victims and potentially life-threatening haemorrhage, particularly 

when vascular damage also co-exists. Although previously referred to as disseminated 

intravascular coagulation (DIC), or defibrination syndrome in various publications, a more 

appropriate term for this clinico-pathological entity is venom induced consumption 

coagulopathy (VICC) (Isbister, 2010). Many snake venoms, particularly those of viperids and 

Australasian elapids, contain potent procoagulant toxins that activate the clotting pathway at 

different parts of the pathway (Isbister, 2009; Maduwage and Isbister, 2014). The 

procoagulant toxins that cleave fibrinogen (e.g. thrombin-like enzymes and fibrinogenases) 

usually result in milder coagulopathy, whereas those activating clotting factors higher up the 

clotting pathway, such as factor X and prothrombin, cause more severe coagulopathy, as seen 

in envenoming by Russell’s vipers, Saw Scaled vipers and Australasian elapids (Maduwage 

and Isbister, 2014). 

Activation of the clotting pathway and rapid consumption of clotting factors, most 

importantly fibrinogen, leads to low concentrations or complete depletion of fibrinogen. This 

results in prolonged clotting times, including prothrombin time (or international normalised 

ratio [INR], activated partial thromboplastin time, thrombin time and decreased fibrinogen 

concentrations (Isbister, 2009; Maduwage and Isbister, 2014). In most cases of severe 

coagulopathy, the clinical features are only bleeding from the bite site. cannula sites, or any 

open wound, but often no detectable bleeding (Jacob, 2006). Severe gastrointestinal bleeding 

and intracranial bleeding will occur in some cases (Phillips et al., 1988; Kularatne, 2000; 

Allen et al., 2012). The effectiveness of antivenom therapy in treating VICC is controversial 

and appears to differ for different snakes/toxins (Maduwage and Isbister, 2014), whilst the 

effectiveness of fresh frozen plasma for treating VICC has recently been the subject of much 

interest (Isbister et al., 2013). 
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4.3 Acute kidney injury 

Although acute kidney injury is being recognised as a major envenoming syndrome in snake 

envenoming, its pathophysiology remains unclear. The kidney, being a highly vascularized 

organ, is highly susceptible to cytotoxic agents (i.e. direct toxic injury) and many breakdown 

products generated from pathological processes induced by the venom toxins at distant sites 

(i.e. indirect injury). On theoretical grounds, and in experimental animal models, direct toxic 

injury to the kidneys has been previously discussed and studied (Willinger et al., 1995; 

Sitprija, 2006, 2008; Kanjanabuch and Sitprija, 2008). However, more recent insights into the 

pathophysiology have emphasized the role of thrombotic microangiopathy as a plausible 

cause of acute kidney injury in snake envenoming in humans (Isbister et al., 2007; 

Malbranque et al., 2008; Isbister, 2010; Isbister et al., 2012) The most important clinical 

event related to the kidneys in a snakebite patient is acute renal failure (ARF). Clinically, this 

is characterized by reduced urinary output, at times leading to complete anuria, elevation of 

blood urea nitrogen and electrolyte imbalances often with high serum K
+
 levels (Sitprija, 

2006, 2008). Many viperine species, such as the Russell’s viper and Saw-scaled viper, are 

known for their ability to cause life-threatening ARF (Myint-Lwin et al., 1985; Ali et al., 

2004; Inho, Anetta and Urdmann, 2005). Further, development of chronic renal failure in 

patients who developed ARF has also been reported (Wanigasuriya, 2011; Herath et al., 

2012). 

4.4 Neurotoxicity 

Neurotoxicity is a common toxic manifestation of snake envenoming, particularly following 

envenoming by members of the family Elapidae and some members of the family Viperidae. 

Many elapids including cobras, kraits, mambas, taipans, coral snakes, death adders, tiger 

snakes and some sea snakes are known to cause neurotoxicity. Envenoming by several true 
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viper species and pit vipers species can result in neurotoxicity in humans (Chippaux, 2006; 

Mackessy, 2009; Ranawaka, Lalloo and de Silva, 2013).  

Snakebite primarily leads to toxic effects in the peripheral nervous system, particularly the 

neuromuscular junction of skeletal muscle, resulting in flaccid paralysis. The severity of the 

flaccid paralysis can vary among envenomed patients ranging from isolated mild weakness of 

the eyelid muscles (clinically evident as ptosis) to life-threatening total neuromuscular 

paralysis that involves the respiratory muscles. Although the time scale and the severity of the 

neurotoxicity vary depending on the type of snake species and the degree of envenoming, the 

involvement of the muscle groups in descending order is described in most cases (Warrell et 

al., 1983; Watt et al., 1986; Connolly et al., 1995; Kularatne, 2002; Ariaratnam et al., 2008; 

Faiz et al., 2010; Isbister et al., 2012).  

5. Neurotoxic snake envenoming 

5.1 Clinical impact 

Compared to other toxic effects of snake envenoming, neurotoxicity becomes rapidly life-

threatening due to the progressive paralysis of the bulbar and respiratory muscles within a 

short time period following the bite (Warrell et al., 1983; Kularatne, 2002; Warrell, 2010; 

Ranawaka, Lalloo and de Silva, 2013). Many patients complain about double vision or 

diplopia and paralysis of eye lid muscles (leading to ptosis) after neurotoxic snake bite. 

Paralysis of the extraocular muscles or external ophthalmoplegia, sometimes resulting in a 

prominent strabismus, is also commonly observed in patients with neurotoxic snake 

envenoming. Facial muscle weakness, and difficulty in swallowing, due to weakness in bulbar 

muscles are seen in severely envenomed patients. Paralysis of the intercostal muscles and 

diaphragm contribute to respiratory paralysis in patients with severe neuro-muscular paralysis 

(Warrell et al., 1983; Theakston et al., 1990; Kularatne, 2000; Kularatne, 2002; Westerström, 

Petrov and Tzankov, 2010; Johnston et al., 2012). Paralysis decreases the ability of the lungs 
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to ventilate, which manifests as decreased tidal volume and variable decrease in respiratory 

rate, until complete paralysis results in the inability to ventilate. Clinically this is seen as 

hypoventilation with a rising PCO2 and eventually a decreasing PO2, and is referred to as type 

II respiratory failure. This can only be treated by ventilatory support. Paralysis of the bulbar 

muscles results in the inability to protect the airway, which leads to airway obstruction, 

apnoea, and death. Therefore, patients with neurotoxic snake envenoming need medical care 

that is not only capable of delivering the specific antidote, e.g. antivenom, but also with 

adequate facilities to secure the airway and perform mechanical ventilation, within a limited 

time frame. Unfortunately, this is a major challenge globally, because there is limited access 

to modern intensive care and mechanical ventilation, apart from a few regions such as 

Oceania, North America and Europe. In regions such as South Asia, South-East Asia, Sub-

Saharan Africa and Latin America (i.e. regions accounting for more than 80% of the global 

snakebite burden) many factors prevent snakebite victims receiving adequate healthcare, 

reducing their chances of survival (Kasturiratne et al., 2008; Alirol et al., 2010). Poor farming 

communities in developing countries of these regions are most affected by snakebite 

(Harrison et al., 2009; Williams et al., 2010). Therefore, the collective unavailability of many 

critical factors such as healthcare facilities in rural areas, transport facilities and road access, 

capable and qualified medical staff, facilities for mechanical ventilation, and safe and 

effective antivenoms often prevent the snakebite victim receiving the necessary care before 

respiratory paralysis develops (Gutiérrez et al., 2010; Warrell, 2010; Williams et al., 2010). 

Even when the victims reach a medical care facility, a considerable number of victims require 

prolonged ventilator assistance, in some cases for several weeks (Kularatne, 2002). Therefore, 

neurotoxic snake envenoming is a serious clinical and public health challenge globally. 

5.2 Neuromuscular paralysis seen in snake bite victims: clinical issues 

5.2.1 Clinical sequelae of neuromuscular paralysis due to neurotoxic snake envenoming 
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Envenoming by Kraits (Bungarus species), Cobras (Naja species), Coral snakes (e.g. species 

of Micrurus, Micruroides, Leptomicrurus), some Australasian elapids (Oxyuranus, 

Acanthophis and Notechis species), some viperids (Crotalus, Daboia, Vipera species) and 

some sea snakes (Laticauda, Hydrophis, Enhydrina, Lapemis species) are generally known to 

cause neuromuscular paralysis in humans(Harris, 2009; Kularatne and Senanayake, 2014). 

Although different types/subtypes of neurotoxins are found in the venoms of different snake 

species, the clinical effects are remarkably similar, with most variation occurring in the 

degree of severity (Warrell et al., 1983; Connolly et al., 1995; Kularatne, 2002; Kularatne et 

al., 2009; Faiz et al., 2010; Malina et al., 2011; Isbister et al., 2012; Johnston et al., 2012). 

The pattern of the involvement of different muscle groups in neurotoxic snake envenomed 

patients is generally in descending order. The paralysis usually starts from eyelid and external 

eye muscles, then proceeds to facial muscle paralysis, followed by bulbar muscle 

involvement, then involves the diaphragm and intercostal muscles, and finally the peripheral 

muscles including limb muscles. The recovery usually occurs in reverse order (Theakston et 

al., 1990; Connolly et al., 1995; Warrell, 2010). The neuromuscular paralytic effects of snake 

envenoming are commonly clinically evident at least a few hours after the bite and may last 

for 3-4 weeks in patients who develop severe neuromuscular paralysis (Kularatne, 2002; John 

et al., 2008; Prakash, Mathew and Bhagat, 2008; Hung, Du Thi and Hojer, 2009; Isbister et 

al., 2012; Dayal et al., 2014). Clinically evident long-term neurological features have not 

been observed. However, nerve conduction abnormalities in patients one year after the 

snakebite have been reported. These patients had no residual effects in neuromuscular 

junction transmission (Bell et al., 2010). 

The reported case fatality rate of neurotoxicity ranges from 4 to 37%, depending on the 

facilities available for managing patients with neurotoxicity (Ranawaka, Lalloo and de Silva, 

2013). Although there are many clinical studies describing neurotoxicity due to snake 
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envenoming, precise descriptions of the time scale course of the appearance and the recovery 

of the clinical features of neurotoxic envenoming are extremely rare. 

5.2.2 Treatment of neuromuscular paralysis in snake bite victims: the role of antivenom 

and AChE inhibitors. 

Despite the fact that antivenom has been recommended as the mainstay for treating snakebite 

patients globally (Warrell, 2010), the effectiveness of antivenom in reversing neuromuscular 

paralysis in the clinical setting is inconclusive (Ranawaka, Lalloo and de Silva, 2013). In 

studies favouring the usefulness of antivenom, the heterogeneity and subjectivity of the 

clinical parameters used and the confounding effect of natural recovery questions the 

generalizability of the results. A controlled clinical trial of a new antivenom raised against the 

many banded krait (Bungarus multicinctus) in Vietnam revealed the antivenom-treated group 

had significantly lower durations of ptosis, limb paralysis and respiratory paralysis, over the 

control group. However, the control used in this study was a historical control group, i.e. from 

a previous study, limiting the applicability of the results.  

There are some reports of recovery from neuromuscular paralysis due to snakebite, without 

antivenom treatment (Pochanugool, Wilde and Jitapunkul, 1997; Hung, Du Thi and Hojer, 

2009). Of 54 patients who had severe neuromuscular paralysis, including respiratory 

paralysis, due to many banded krait (Bungarus multicinctus) bites, and who were not treated 

with antivenom, 50 recovered with mechanical ventilation and supportive therapy (Hung, Du 

Thi and Hojer, 2009). Further, antivenom has reportedly been ineffective in reversing the 

neurotoxic effects due to envenoming by death adder (Johnston et al., 2012), kraits (R. 

Theakston et al., 1990; Kularatne, 2002; Pillai et al., 2012), Papuan taipan (Connolly et al., 

1995) and rattlesnake species (Richardson et al., 2007). Therefore, it is difficult to conclude 

whether antivenom is useful in reversing neurotoxic effects due to snake envenoming. A 
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randomized trial showed that antivenom was ineffective in treating the paralysis from 

Philippine cobra envenoming (Watt et al., 1989) 

AChE inhibitors (AChEI), such as neostigmine, have been tested as supportive therapy in 

treating snakebite induced neuromuscular paralysis. Several studies have documented the 

potential benefits of AChEI, mainly for bites caused by Philippine cobra (Warrell et al., 1983; 

Watt et al., 1986, 1989; Lee et al., 2004). However, neostigmine has been shown to be 

ineffective in treating the neuromuscular paralysis in krait bite victims (Anil et al., 2010; 

Pillai et al., 2012). Before administration of neostigmine, initial testing with a short-acting 

AChEI, such as Tensilon, to predict the effectiveness of neostigmine has also been suggested 

(R. Theakston et al., 1990). 

5.2.3 Tools used to study the neuromuscular paralysis in clinical setting. 

Clinical neurological features 

Clinical descriptions of neuromuscular paralysis due to snakebite are largely dependent on 

clinical observation. A major weakness of most of the available clinical studies on neurotoxic 

envenoming is the reliance on subjective clinical features making it difficult for comparisons 

between studies. Many studies have described the presence or absence of clinical features in 

neurotoxic snake envenoming, rather than the grading of clinical features (Watt et al., 1986; 

Phillips et al., 1988; R. Theakston et al., 1990; Kularatne et al., 2009; Johnston et al., 2012). 

Careful and frequent documentation of the clinical features in an objective manner would be 

useful in understanding the time course of the weakness of different muscle groups. 

Neurophysiological studies 

Clinical features of neuromuscular paralysis are evident in patients, when the defects in 

neuromuscular junction transmission are severe enough. However, many events occur in 

neuromuscular junctions at the subclinical stages of the neuromuscular paralysis. 



33 
 

Neurophysiological studies are useful in better defining the abnormalities of neuromuscular 

junction transmission with a high sensitivity, and facilitate a better understanding of the 

pathophysiology. 

Repetitive nerve stimulation in patients bitten by Papuan taipans showed initial high 

compound muscle action potential (CMAP) soon after tetanic stimulation (i.e. compared to 

resting state), followed by rapid decremental responses compared to the rest. These deficits 

did not respond to intravenous edrophonium, suggesting severely depleted vesicles in the pre-

synaptic terminal (Connolly et al., 1995). A similar pattern of decremental response from 3Hz 

repetitive nerve stimulation, as well as a reduction of CMAP, has been observed in Indian 

Krait bite victims with neuromuscular paralysis (Singh et al., 1999). 

Conventional electromyography has been used to study neuromuscular paralysis in snake 

envenoming to assess the extent of paralysis as well as treatment outcomes (Watt et al., 1986; 

Singh et al., 1999; Bell et al., 2010). A reduction in the median-elicited CMAP has been 

observed in Indian Krait bite victims and thus electromyography was suggested as being 

useful in studying Krait venom induced paralysis (Singh et al., 1999). In Papuan taipan bite 

victims, CMAP correlated well with the clinical progression and recovery of the 

neuromuscular paralysis, further suggesting the usefulness of the test (Connolly et al., 1995). 

Single-fibre electromyography (sfEMG) is an extremely sensitive test in assessing the 

function of neuromuscular junctions in-situ (Stalberg, Stålberg and Trontelj, 1997; Padua et 

al., 2000; Stålberg and Sanders, 2009). This test is considered to be useful in diagnosing pre-

synaptic neuromuscular conditions such as Lambert-Eaton myasthenic syndrome (Oh and 

Ohira, 2013), as well as post-synaptic conditions such as myasthenia gravis (Valls-Canals et 

al., 2003; Padua et al., 2014), with high sensitivity. sfEMG identifies action potentials from 

individual muscle fibres, rather than the whole muscle, and measures neuromuscular ‘jitter’ 

(i.e. irregularity of the transmission across the neuromuscular junction), which is the most 
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sensitive measure of neuromuscular transmission in-vivo (Stålberg and Sanders, 2009). 

Despite its high sensitivity to neuromuscular junction transmission, the use of sfEMG in 

clinical studies of neurotoxic snake envenoming is surprisingly rare. In the only such study 

reported so far, Connolly et al (Connolly et al., 1995) observed markedly increased jitter and 

blocking in the sfEMG of three patients bitten by Papuan taipans, during the recovery phase.  

5.3 Pathophysiology of neuromuscular paralysis 

Toxins from many venomous animals, including snakes, target the neuromuscular junction, 

disturbing transmission and resulting in paralysis. This unique adaptive trait, shared by many 

evolutionarily distinct animals, provides an opportunity for the venomous animal to quickly 

neutralize the target animal, for the purpose of forage or defence (Harris and Goonetilleke, 

2004; Harris, 2009). The primary target of the vast majority of neurotoxic venoms is the 

neuromuscular junction of the skeletal muscles, while smooth muscles are largely unaffected 

(Harris, 2009; Ranawaka, Lalloo and de Silva, 2013).  

5.3.1 Neuromuscular junction 

The neuromuscular junction (NMJ) is a specialized synapse between the nerve fibre and 

muscle fibre. The motor cortex governs the excitation of muscles through motor nerves, and 

the NMJ serves as the final relay station between the motor neuron and the target muscle. 

Therefore, given its high functional importance, the NMJ is vulnerable to many natural toxins 

(Harris, 2009).  Figure 1 shows the structure of the NMJ and the potential target sites for 

snake venom toxins. 

The motor nerve terminals have 20 to 100 branches and, of these, the terminal 30nm of the 

neurolema is demyelinated. Usually, each single nerve terminal branch innervates a single 

muscle fibre. All muscle fibres that are innervated by the branches of a motor nerve terminal 
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form a motor unit. The nerve terminal branches contain voltage gated K
+
 and Na

+
 channels 

which regulate the depolarization of the neurolema (pre-synaptic membrane). 

Acetylcholine (ACh), the principal neurotransmitter at the skeletal muscle NMJ, is 

synthesized and stored within the vesicles arranged close to the neurolema of the nerve 

terminal branch near the release sites. These areas, called active zones in the pre-synaptic 

membrane, have a large number of voltage-gated Ca
+
 channels and, with depolarization, these 

channels open resulting in an influx of Ca
+ 

into the axoplasm. This triggers the exocytotic 

release of ACh following fusion of the vesicles with the pre-synaptic membrane. The area of 

the sarcolema facing the pre-synaptic membrane forms clefts by invagination. These release 

sites are positioned over the synaptic clefts of the post-synaptic membrane (motor end plate), 

facilitating ACh molecules reaching their target site, usually within a few milliseconds. There 

is a high concentration of acetylcholine esterase (AChE), which hydrolyses ACh, within the 

synaptic clefts. About 50% of the released ACh is either hydrolyzed by AChE, or reabsorbed, 

before reaching the target site. 

The post-synaptic membrane, which is a specialized area in the sarcolemma, forms secondary 

synaptic folds, which are concentrated at the target site of ACh, the nicotinic acetylcholine 

receptor (nAChR). In these areas, nAChR concentration is approximately 20,000μm
-2

, which 

is 1000 times higher than in the rest of the sarcolemma (Hirsch, 2007). The nAChR is a 

transmembrane protein with five subunits surrounding a central pore which functions as a 

non-selective ion channel (Figure 1). In vertebrates, nAChRs are formed with different 

combinations of α1- α7, β1- β4, δ, ε and γ subunits, that contribute to the pentamer. The adult 

type muscle nAChR is composed of two α1, one β1, one δ and one ε subunits. In the 

immature (foetal) type nAChR, the ε subunit is replaced by a γ subunit (Nirthanan and Gwee, 

2004; Albuquerque et al., 2009). There are two agonist binding sites, which are hydrophobic 

pockets and are located between the α and δ subunits, and α and ε/γ subunits (Albuquerque et 
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al., 2009). The binding site at the α/δ interface is a high affinity binding site for agonists. 

Once both the binding sites of the nAChR are occupied by two ACh molecules or agonist 

molecules with affinity for this receptor, the resulting conformational change leads to the 

opening of the central pore, allowing an influx of Na
+
 and Ca

2+
 and efflux of K

+
.
 
The change 

in membrane potential then results in the opening of voltage-gated Ca
+ 

channels. This leads to 

depolarization of the sarcolemma resulting in initiation of the muscle fibre contraction process 

(Albuquerque et al., 2009).  

 

Figure 1: Structure of the adult type muscle nicotinic receptor (nAChR). A: nAChR is a 

pentamer of transmembrane homologous subunits arranged in the stoichiometry of 2α1: 1β1: 

1δ: 1ε subunits. Subunit ε is not shown for the clarity. Each subunit has four helical 

transmembrane domains (M I-M IV) and M II domain of all five subunits line the central 

pore. The axis of the central pore is arranged perpendicular to the cell membrane. B: Top 

view of the receptor showing the two ligand binding sites. This figure was adopted from 

Nirthanan and Gwee, 2004.  

5.3.2 Snake venom neurotoxins and their actions at the neuromuscular junction (NMJ) 
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Snake venom neurotoxins interfere with neurotransmission by acting on a range of target sites 

in the NMJ. Two sites in the NMJ are the major targets of most snake venom neurotoxins: the 

pre-synaptic nerve terminal and the nAChR. 

Snake venom toxins acting pre-synaptically 

Pre-synaptically acting neurotoxins have been isolated from many elapids and viperid snakes, 

and are important with regard to clinically evident neurotoxicity. Snake venom pre-synaptic 

toxins belong to group I and II phospholipases A2 (PLA2), a group of Ca
2+

-dependent 

enzymes, abundant in the biological world. These snake venom PLA2s possess similar 

molecular structure despite their diverse pharmacological actions which include pre-synaptic 

neurotoxicity, post-synaptic neurotoxicity, myotoxicity, hypotension, cytotoxicity, and 

anticoagulant effects. The PLA2 activity of these toxins may, or may not, play a role in the 

pharmacological action of the toxin (Harris and Scott-Davey, 2013). As common to all 

secretory PLA2s, the primary structure of these toxins is a single polypeptide of 115 to 125 

amino acid residues with a molecular weight of 13 to 15 kDa (Harris and Scott-Davey, 2013). 

PLA2s may appear as covalently linked multimers of up to six subunits. The classic example 

of a snake venom pre-synaptic neurotoxin is β-bungarotoxin, originally isolated from the 

venom of the many banded krait (Bungarus multicinctus) (Strong et al., 1976). β-

Bungarotoxin is a heterodimer, having covalently bound group I PLA2 and a Kunitz-type 

proteinase inhibitor (Harris and Scott-Davey, 2013) . Notexin, a pre-synaptic toxin from 

Australian tiger snake (Notechis scutatus) venom, is a single polypeptide, whereas 

textilotoxin, a presynaptic toxin from Australian brown snake (Pseudonaja textillis) venom, is 

a hexamer(Harris, 2009). Some pre-synaptic toxins are also myotoxic. 

The terminal part of the motor neurons, particularly the terminal boutons, is not protected 

with a blood-axonal barrier or a perineurium. This makes the pre-synaptic membrane more 

susceptible to pre-synaptic neurotoxins (Harris and Scott-Davey, 2013). The exact 
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mechanisms by which pre-synaptic toxins initiate their actions are not clear. However, it 

appears as though these toxins do not have an identifiable receptor in the pre-synaptic 

membrane to which they bind (Harris, 2009). Dixon and Harris (Dixon and Harris, 1999) 

demonstrated the depletion of synaptic vesicles followed by destruction of the motor nerve 

terminals of murine skeletal muscles exposed to β-bungarotoxin. Further, they demonstrated 

that the re-innervation process of the muscle fibres takes place 3 to 5 days after exposure to 

the toxin and, by 7 days, re-innervation is complete. Hydrolysis of phospholipids in the pre-

synaptic membrane is believed to be the primary mode of action of the pre-synaptic PLA2 

neurotoxins, followed by the massive influx of Ca
2+

 into the motor nerve terminal. The 

increased Ca
2+

 is likely to provide the optimum condition for PLA2 activity. The combination 

of these two events is likely to lead to exocytosis of the affected nerve terminals, with no 

endocytosis, leading to a depletion of synaptic vesicles in the nerve terminal (Dixon and 

Harris, 1999; Pungercar and Krizaj, 2007; Rigoni et al., 2008; Harris, 2009; Harris and Scott-

Davey, 2013). It has been shown that snake venom PLA2 neurotoxins, once they have entered 

the motor nerve terminal, specifically bind to the mitochondria in the axoplasm, triggering 

depolarization and a subsequent change of morphology from an elongated shape to a swollen 

and rounded shape. This action has been shown to be a result of a specific action of snake 

venom PLA2 neurotoxins on the permeability transition pores (PTP) in the mitochondrial 

membrane. Due to this, impairment of the mitochondrial activity is likely to further damage 

the motor nerve terminal (Rigoni et al., 2008). This mechanism is evidently shared by at least 

the group Ia snake venom PLA2s because notexin, taipoxin and textilotoxin all exert these 

effects, causing a similar pathophysiology at the pre-synaptic nerve terminal. In addition, the 

ability of snake venom PLA2 neurotoxins to open the mitochondrial PTPs has been shown to 

be proportional to their relative neurotoxic potencies, indicating that this mechanism is likely 

to play a major role in the sustained inhibition of neurotransmission (Rigoni et al., 2008). 

Interestingly, ammodytoxin A, a class IIa neurotoxic PLA2 with pre-synaptic activity, isolated 
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from long nosed viper (Vipera ammodytes ammodytes) venom, induced neither damage to the 

pre-synaptic membrane nor significant depletion of synaptic vesicles at murine motor nerve 

terminals, suggesting a possible marked difference in the action of pre-synaptic neurotoxins 

compared to elapids (Logonder et al., 2008). However, similar to the elapid pre-synaptic 

PLA2s, ammodytoxin A induces swelling of mitochondria in the nerve terminals, which has 

been postulated to cause de-energization of the nerve terminal by inducing mitochondrial 

degeneration resulting in failure of ACh release (Logonder et al., 2008). 

In in vitro nerve-muscle preparations, particularly in mouse hemi-diaphragm nerve-muscle 

preparations, some pre-synaptically acting snake venom PLA2 neurotoxins, such as β-

bungarotoxin, crotoxin and taipoxin, exhibit a classic ‘triphasic response’. This is particularly 

prominent when the safety factor of the neuromuscular junction is reduced by increasing Ca
2+

 

concentration in the physiological salt solution, or increasing the frequency of indirect 

stimulation (Rowan, 2001; Hodgson, Dal Belo and Rowan, 2007). This triphasic response 

includes an initial transient inhibitory phase in twitch height, a prolonged facilitatory phase, 

followed by a progressive inhibitory phase, which lasts until the complete abolition of 

twitches. The first two phases are independent of PLA2 activity, and the third phase is PLA2 

dependent (Rowan, 2001). However, the initial inhibitory phase is not induced by notexin or 

paradoxin. 

Snake venom toxins acting post-synaptically 

Most snake venom toxins that act post-synaptically belong to the Three Finger Toxins (TFTx) 

family. These toxin molecules possess three loops projecting out from a hydrophobic core. 

However, α-neurotoxins and TFTx are not synonymous. The TFTx family includes 

polypeptides with 60-72 residues which possess no enzymatic activity. These polypeptides 

have 4 to 5 disulfide bonds, four of which are essentially common to all members of this 

family (Kini, 2002). TFTx are flat molecules in their tertiary structure. The classic examples 
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of these toxins are α-bungarotoxin from many banded Krait venom and erabutoxin-b from the 

venom of the sea snake, Laticauda semifasciata (Barber, Isbister and Hodgson, 2013). 

Although most TFTx are curare-mimetic toxins, here are other toxin groups including 

muscarinic toxins, fasciculins and κ toxins that also belong to the TFTx family. Therefore, 

TFTx exhibit diverse pharmacological properties such as neuromuscular paralysis, effects on 

nerve terminals, myotoxicity, hypotensive effects, inhibition of enzymes such as AChE, and 

platelet aggregation (Hodgson and Wickramaratna, 2002; Kini, 2002; Nirthanan and Gwee, 

2004) 

Many TFTx, from diverse venomous animal groups, block neurotransmission by high affinity 

and selective binding to, and antagonism of the nAChR in the motor end plate (Nirthanan and 

Gwee, 2004). Collectively these are called “α-neurotoxins” or “curare-mimetic toxins” and 

these mimic the pharmacological action of d-tubocurarine but with a 15-to 20 fold higher 

affinity and poor reversibility (Nirthanan and Gwee, 2004; Barber, Isbister and Hodgson, 

2013). Elapid venoms, including sea snakes, commonly contain α--neurotoxins.  

Short-chain and long-chain α-neurotoxins and their actions 

The TFTx with curare-mimetic activity are broadly categorized into two groups, depending 

on their molecular size. Short-chain curare-mimetic TFTx have 60–62 amino acids with four 

disulfide bonds whereas long-chain curare-mimetic TFTx have 66–74 amino acids with five 

disulfide bonds (Kini, 2002).  

Short chain α-neurotoxins, typically those isolated from elapid venoms, have a similar amino 

acid sequences with cysteine residues in 3 and/or 4 positions. The notable exception is Pt 

syntx-1 and Pt syntx-2 isolated from Australian brown snake venom, which possess an amino 

acid sequence markedly different from other elapid α-neurotoxins (Barber, Isbister and 

Hodgson, 2013). Many long-chain TFTx share similar sequences with the short-chain TFTx’s. 
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The extra disulfide bond of the long-chain TFTx is situated in loop 2, between Cys-30 and 

Cys-34 (Endo and Tamiya, 1991; Nirthanan, 2013). 

Under normal physiological conditions, to achieve the conformational change that results in 

the opening of the ion channel, two agonist molecules need to bind to the two agonist sites 

located at the interfaces of the extracellular domains of α/δ and α/ε or γ subunits of the 

nAChR. The amino acid residues 185–196 of the α subunit are known to be the major 

determinants for the binding sites of the nAChR (Neumann et al., 1986). Different agonists 

and antagonists may show some preference for one binding site over the other. Irrespective of 

their structural differences, both long- and short-chain α-neurotoxins bind to similar sites on 

the muscle type nAChR [(α)2βδγ] with the same affinity, despite differences in their 

functional sites (Servent et al., 1997; Antil, Servent and Menez, 1999; Antil-Delbeke et al., 

2000). However, short-chain α-neurotoxins bind to the nAChR 6 to 7 times faster and 

dissociate 5 to 9 times faster than long-chain α-neurotoxins (Chicheportiche et al., 1975). α-

neurotoxins display a variety of types of interaction with the nAChR including reversible, 

pseudo-irreversible and irreversible binding in neuromuscular preparations. Long-chain α-

neurotoxins are known to be generally irreversible compared to short-chain toxins and the 

reason for this has been attributed to the relative high proportions of hydrophobic amino acids 

found in the primary structure of the long-chain α-neurotoxins (Hodgson and Wickramaratna, 

2002; Kini, 2002; Nirthanan and Gwee, 2004; Barber, Isbister and Hodgson, 2013). In 

addition, long-chain α-neurotoxins bind to the neuronal α7nAChR with high affinity, 

primarily because of the fifth disulfide bond (Servent et al., 1997; Antil-Delbeke et al., 2000). 

Since both binding sites on the nAChR need to be occupied by the agonist to lead to 

conformational change and the opening of the ion channel, even one binding site occupied by 

an α-neurotoxins will cause dysfunction leading to neuromuscular block. α-neurotoxins bind 

perpendicularly to the axis of the nAChR, with the 2
nd

 loop ‘plugged’ into the binding site at 
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the interface between the two subunits. In addition, the C terminal and also the first loop may 

make contact with the receptor surface to facilitate binding (Nirthanan and Gwee, 2004).   

Well known examples of long-chain α-neurotoxins are α-bungarotoxin from Bungarus 

multicinctus venom, and α-cobratoxin from Naja kaouthia venom. A well-known short-chain 

α-neurotoxin is Toxin-α from Naja pallida venom (Barber, Isbister and Hodgson, 2013). 

Snake venom neurotoxins acting on other targets 

There are several types of neurotoxins that act differently to the conventional pre-synaptic and 

post-synaptic toxins. Some elapid venoms possess κ toxins, which are dimeric TFTx with five 

disulfide bonds and bind to the neuronal α3β4nAChR with high affinity. They do not bind to 

the muscle type nAChR (Kini, 2002). Muscarinic toxins, which were originally isolated from 

the venoms of African mambas (Dendroaspis sp.), exert agonist or antagonist activity on 

muscarinic AChR. These toxins are structurally similar to short-chain α-neurotoxins (Servent 

and Fruchart-Gaillard, 2009; Servent et al., 2011). Fasciculins inhibit AChE in the 

neuromuscular junction, allowing ACh to accumulate. These toxins also have been isolated 

from the venoms of mamba species (Dendroaspis sp.). Once formed, the high affinity 

complex of fasciculin-AChE is very slow to dissociate (Marchot et al., 1997). Dendrotoxins, 

isolated from the venom of several African black mamba species, block the voltage-gated K
+
 

channels in the nerve terminals resulting in continuous neurotransmitter release at vertebrate 

neuromuscular junctions. These toxins, when injected into the central nervous system, 

similarly facilitate neurotransmitter release (Anderson and Harvey, 1988; Harris, 2009). 
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Figure 2: Sites of action of snake neurotoxins at the neuromuscular junction. Schematic 

representation of the neuromuscular junction showing different sites of action of snake 

neurotoxins. 

(1) Synaptic vesicular proteins: β -bungarotoxin (Bungarus spp.), taipoxin (O. scutellatus); (2) 

Voltage-gated calcium channel: calciseptine (Dendroaspis spp.); (3) Pre-synaptic membrane: 

phospholipase A2 toxins.; (4) Pre-synaptic ACh receptor: candoxin (Bungarus candidus); (5)Voltage-

gated potassium channels: dendrotoxins (Dendroaspis spp.); (6) Acetylcholine: Lysis by exogenous 

acetylcholinesterase (AChE) in snake venom: cobra venom (Naja spp.); (7)AChE: Inhibitors of 

endogenous AChE in snake venom: fasiculins (Dendroaspis spp.); (8) Post-synaptic ACh receptors: α-

bungaratoxin (Bungarus spp.), candoxin (B. candidus), azemiopsin (A. feae), waglerin (T. wagleri); 

(9) Voltage-gated sodium channels: Snake toxins: crotamine (Crotalus spp.). 

Adopted from Ranawaka et. al. (2013)(Ranawaka, Lalloo and de Silva, 2013) 
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5.3.3 Isolation of neurotoxins from snake venoms 

Isolation of neurotoxins from snake venoms is usually carried out using chromatographic 

techniques. Liquid chromatographic techniques such as size exclusion chromatography 

(SEC), reverse-phase high performance liquid chromatography (RP-HPLC) and ion-exchange 

chromatography are commonly used for this purpose. One chromatographic technique 

repeated a number of times or a combination of different techniques can be used to isolate 

neurotoxins from snake venoms depending on their chemical properties and abundance in the 

venom. Neurotoxins with similar pharmacological properties usually share similar structural 

(e.g. molecular weight, amino acid sequence) and physiochemical properties (e.g. charge, 

hydrophobicity, etc). Therefore, when the same HPLC column and method is used, the 

approximate elution times of these neurotoxins can be predicted (Barber, Isbister and 

Hodgson, 2013). For isolation of short-chain α-neurotoxins, multiple runs of reverse-phase 

HPLC can be used whereas a combination of size-exclusion chromatography and ion-

exchange chromatography is often used to isolate long-chain α-neurotoxins (Kuruppu et al., 

2005; Kornhauser et al., 2010; Barber, Isbister and Hodgson, 2013; Hart et al., 2013). Pre-

synaptic neurotoxins are commonly isolated using a combination of size-exclusion and 

reverse-phase or ion exchange chromatographic techniques (Huang and Lee, 1984; Gowda, 

Schmidt and Middlebrook, 1994; Tsai, Lu and Su, 1996; Barber, Isbister and Hodgson, 2012). 

 

5.3.4 Pharmacological characterization of neurotoxins 

In vitro pharmacological experiments, using isolated nerve-muscle preparations from different 

animal species, are a long-standing method to characterize snake venom neurotoxins. In 

common, this technique measures the effects of neurotoxins on the twitch response to indirect 

(i.e. motor nerve) electrical stimulation of a skeletal muscle preparation mounted in 

physiological salt solution. The most widely used nerve-muscle preparations, for the purpose 
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of characterizing snake venom neurotoxins, have been the isolated chick biventer cervicis 

nerve-muscle preparation and rat diaphragm-phrenic nerve preparation (Harvey et al., 1994; 

Hodgson and Wickramaratna, 2002). Both preparations are mounted in an organ bath system 

containing physiological salt solution under resting tension, and the motor nerve is electrically 

stimulated with supramaximal voltage at regular intervals, normally every 10 s with 

rectangular pulses of 0.2 s duration (Hodgson and Wickramaratna, 2002; Hart, Isbister and 

Hodgson, 2013; Rusmili et al., 2014). The diaphragm, along with the phrenic nerve, is 

dissected from mice/rats and the biventer cervicis muscles, with the nerve enclosed in the 

tendon, are isolated from young chicks. The chick biventer preparation has the advantage of 

possessing both focally- and multiply-innervated muscle fibres. The focally-innervated 

muscle fibres can be stimulated electrically and the multiply-innervated fibres can be 

stimulated by adding exogenous nicotinic agonists such as carbachol. This provides the 

opportunity to distinguish between the pre-synaptic and post -synaptic effects of neurotoxins 

(Hodgson and Wickramaratna, 2002). These in vitro tests are also useful in testing the 

efficacy of different antivenoms against neurotoxic activities of snake venoms and purified 

neurotoxins (Ramasamy, Isbister and Hodgson, 2004; Kuruppu et al., 2005; Ramasamy, Fry 

and Hodgson, 2005) 

Some studies have used the signs of neuro-muscular paralysis, such as hind limb paralysis 

seen in rodents during lethality experiments, as a way of demonstrating neurotoxicity 

(Jayanthi, Kasturi and Gowda, 1989; Maung-Maung-Twin et al., 1995; Venkatesh et al., 

2013). However, this technique is highly subjective and non-specific in predicting the 

neurotoxic effects of venoms and neurotoxins. 
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6. Neuromuscular effects of snake envenoming and the role of antivenom as 

treatment: issues which require addressing 

6.1 Clinical data with better resolution and authentication on the paralysis. 

To understand the pathophysiology of snakebite-induced neuromuscular paralysis in humans, 

clinical studies should provide sufficient clinical details with accurate species identification 

and detailed, time-related descriptions of objective clinical parameters, to relate clinical data 

with experimental studies. 

Snake venoms display remarkable variability, even resulting in different clinical outcomes for 

patients bitten by the same species of snake from different geographical populations. For 

example, Russell’s viper (Daboia russelli) bites frequently cause clinically evident 

neurotoxicity in Sri Lanka and South India, but this has not been observed for the rest of its 

distribution across South Asia (Warrell, 1989). Due to this high variability, proper case 

authentication with accurate identification of the species involved in envenoming is essential 

in clinical toxinology. Proper case authentication includes evidence of an actual bite, 

collection of the animal specimen causing the bite and expert identification of the animal (a 

taxonomist or biologist), or if there is no animal specimen available, detection of specific 

venom antigens in the patient serum (Isbister, 2002). Many clinical studies on snake 

envenoming focus mainly on the clinical description and little attention is paid to accurate 

identification of the snake involved. Some important detailed clinical reports on neurotoxic 

snake envenoming have included cases authenticated using less reliable methods of snake 

identification such as “identified by the patient”, “identified by medical staff” and “assumed 

based on the clinical signs of envenoming”, or even not mentioning the method of 

authentication (Hung et al., 2002; Kularatne, 2002; Bawaskar and Bawaskar, 2004; 

Khandelwal et al., 2007; Hung, Du Thi and Hojer, 2009; Malina et al., 2011). Since many 

neurotoxic snake groups such as kraits and cobras have several morphologically similar 
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species, and there are also non-venomous snakes which mimic the colour and behavioural 

patterns of venomous snakes within the same geographical areas (Wuster, 1996; Donnelly and 

Crother, 2003), proper case authentication helps to determine the clinical picture of 

envenoming by individual neurotoxic snake species. 

Understanding the onset, progression and resolution of each feature of neurotoxic 

envenoming, would help in elucidating the pathophysiology of neuromuscular paralysis in 

snakebite victims. This is particularly important in distinguishing whether the victim has 

predominantly pre-synaptic or post-synaptic features of envenoming. Clinical case reports are 

usually detailed enough to understand the time course of the clinical features of neurotoxic 

envenoming (Sharma et al., 2002; Khandelwal et al., 2007; Faiz et al., 2010; Gawarammana 

et al., 2010; Vir et al., 2010; Sodhi et al., 2012; Malina et al., 2013; Dayal et al., 2014). 

However, single cases lack generalizability compared to clinical studies involving large 

number of patients, such as cohort studies and clinical trials. One major weakness with most 

of the published cohort studies and clinical trials describing neurotoxicity is that these studies 

generally describe the prevalence of each clinical feature within the cohort, with little or no 

description of the time course of individual clinical features (Theakston et al., 1988; 

Kularatne, 2000; Kularatne, 2002; Hung, Du Thi and Hojer, 2009; Kularatne et al., 2009; 

Isbister et al., 2012; Johnston et al., 2012). 

It is difficult to eliminate the subjectivity of most clinical features of envenoming, because 

these are primarily observations made by individual clinicians. This subjectivity hinders our 

ability to compare the clinical description across different studies. This could be minimized 

by grading and describing the clinical features using a standardised method. For example, the 

occurrence of ptosis has been described as merely ‘ptosis’ in several studies (Watt et al., 

1988, 1989; Bucaretchi et al., 2006; Hung, Du Thi and Hojer, 2009; Kularatne et al., 2009; 

Johnston et al., 2012), whilst this outcome could be graded as complete or partial ptosis to 
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indicate the severity. Occurrence of respiratory muscle paralysis is a critical point in the 

clinical status of the neurotoxic envenomed patient. Many studies have stated the occurrence 

of ‘respiratory paralysis’, without describing the clinical parameters they have been used in 

determining this outcome (Watt et al., 1986, 1988, 1989; Kularatne, 2002; Bawaskar and 

Bawaskar, 2004; Hung, Du Thi and Hojer, 2009; Kularatne et al., 2009; Faiz et al., 2010; 

Johnston et al., 2012). It could be assumed that this might indicate the point at which 

mechanical ventilation is required to sustain the life of the patient. However, it is solely a 

clinical decision based on an individual patient’s overall status, hence may be difficult to 

generalize. In contrast, using objective parameters like maximum voluntary ventilation (using 

a spirometer) could be used in clinical studies to better define the respiratory function of the 

patient.  

As previously discussed, neurophysiological techniques with high sensitivity, such as sfEMG, 

would be highly appropriate in clinical studies examining snakebite neuromuscular paralysis, 

to enable better documentation of the neuromuscular paralysis both clinically and sub-

clinically. Although many venomous snakes can potentially lead to neurotoxic envenoming in 

humans, only a few species actually cause a significant number of envenomings across the 

globe. Unfortunately, most of the global burden of neurotoxic snake envenoming occurs in 

rural agricultural communities in the developing world (Kasturiratne et al., 2008; Harrison et 

al., 2009; Alirol et al., 2010; Gutiérrez et al., 2010; Williams et al., 2010; Ranawaka, Lalloo 

and de Silva, 2013). Even within the developing world, snakebite is likely to be given a low 

priority in healthcare research because the commonly affected are mostly rural, poor and 

politically disadvantaged populations (Williams et al., 2010). Leaving aside inaccessibility to 

adequate healthcare facilities including antivenoms in these areas, poor clinical reporting and, 

even if clinically reported, a lack of supporting laboratory experimental data to complement 

the clinical data, means there is a continued cycle of poor knowledge. In contrast, over the 

past decade, proper clinical reporting backed by appropriate quality laboratory data has 
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revolutionized our knowledge of the pathophysiology and treatment outcome of snakebite 

envenoming in developed settings such as Australia (Isbister et al., 2008, 2013; Isbister, 

Duffull and Brown, 2009; Chaisakul et al., 2010; Blacklow et al., 2011; Allen et al., 2012; 

Barber, Isbister and Hodgson, 2012; Isbister et al., 2012; Isbister and Brown, 2012; Johnston 

et al., 2012). Therefore, to improve the clinical management of snakebite victims, good 

quality clinical studies together with experimental studies on venom and the pathophysiology 

of envenoming is essential.  

6.2 Role of pre- and post-synaptic toxins in snakebite-induced neuromuscular paralysis in 

humans.  

Many snake species that do not cause neurotoxicity in humans still have neurotoxins, 

particularly post-synaptic neurotoxins, in their venoms. Black snakes, at least all the species 

other than Papuan black snake (Lalloo et al., 1994), cause neurotoxic envenoming in humans 

(Isbister et al., 2006; Jansen et al., 2007; Churchman et al., 2010). However, the crude 

venoms of all the known black snakes show potent post-synaptic neuromuscular inhibition in 

chick biventer nerve-muscle preparations (Ramasamy, Fry and Hodgson, 2005; Hart, Isbister 

and Hodgson, 2013). Furthermore, the venoms of five of the black snake species that are non-

neurotoxic to humans are actually more potent on the chicken tissue based on the time taken 

to induce 90% inhibition of the twitch height (Ramasamy, Fry and Hodgson, 2005). In 

addition, it was shown that avian nerve-muscle preparations are more susceptible to all black 

snake venoms, compared to murine preparations (Hart, Isbister and Hodgson, 2013). 

Similarly, further observations have been made using purified short-chain post-synaptic 

toxins from red-bellied black snake (Pseudechis porphyriacus) and Collett’s black snake (P. 

colletti) venoms indicating different susceptibilities of nAChR from different animals (Hart et 

al., 2013). The venom from Collett’s black snake was shown not to affect the human nAChR 

although it binds to the avian nAChR (Hart, Scott-Davey and Harris, 2008). Nerve-muscle 
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preparations from frogs were resistant to several α-neurotoxins, compared to chick and mouse 

preparations (Lee, Chang and Chen, 1972). Studies on the binding of labelled α-bungarotoxin 

(long-chain) and labelled erabutoxin b (short-chain) with the nAChR from human, 

chimpanzee and mouse NMJ revealed that erabutoxin b does not bind to chimpanzee or 

human nAChR, but binds to mouse nAChR, whilst α-bungarotoxin binds to nAChR of all 

species tested (Ishikawa et al., 1985). Furthermore, four non-labelled short-chain α-

neurotoxins (i.e. erabutoxin b, toxin b from olive sea snake venom, toxin α from Naja pallida 

venom and toxin a from Stoke’s sea snake venom) were unable to inhibit the binding of 

labelled α-bungarotoxin with human and chimpanzee nAChR, even at very high 

concentrations. However, these toxins were able to inhibit the binding of labelled α-

bungarotoxin with mouse nAChR. In contrast, the same study showed that 3 unlabelled long-

chain α-neurotoxins (i.e. Toxin b from yellow lipped sea krait venom, toxin c from Stoke’s 

sea snake venom and α-bungarotoxin) concentration-dependently inhibited binding of labelled 

α-bungarotoxin to nAChR of human, chimpanzee and mouse origin. Therefore, this suggests 

that human and chimpanzee nAChR are potentially resistant to short-chain α-neurotoxins, 

compared to long chain α-neurotoxins, whilst mouse nAChR are susceptible to both types of 

toxins. Similar comparisons made between human and torpedo nAChR revealed 

comparatively unsuccessful binding of erabutoxin A (short-chain α-neurotoxin) with the 

human nAChR(Vincent, Jacobson and Curran, 1998).  

Cobra species are traditionally believed to cause neurotoxicity in humans, predominantly via 

post-synaptic toxins (Watt et al., 1986; Ranawaka, Lalloo and de Silva, 2013). This has 

primarily been assumed based on detailed clinical reports of envenoming by species like Naja 

philippinus (Philippine cobra) which indicate the rapid onset of severe neuromuscular 

paralysis, positive responses for AChEI (Watt et al., 1986, 1988, 1989), as well as the 

isolation of several long- and short-chain α-neurotoxins from cobra venoms (Barber, Isbister 

and Hodgson, 2013). In 38 patients bitten by the Philippine cobra, the median time of onset of 
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neurotoxic features was 1 hour and the median time of onset of respiratory paralysis was 78 

min, with some patients having respiratory paralysis 10-30 min after the bite (Watt et al., 

1988). Similarly, rapid development of neuromuscular paralysis has been described in cape 

cobra (Naja nivea) bite patients (Blaylock, Lichtman and Potgieter, 1985). However, clinical 

reports on neurotoxic envenoming by other species of cobras indicate neuromuscular 

paralysis of comparatively late onset (compared to N. philippinus and N. nivea) in humans. 

According to published case reports, the time gap between the bite and approximate time of 

the onset of neurotoxic features was comparatively higher in Thai cobra (Naja kaouthia) bites 

(Bernheim et al., 2001) and Egyptian cobra (Naja haje) bites (Warrell, Barnes and Piburn, 

1976), indicating possible presence of pre-synaptic toxins in some cobra venoms. 

Furthermore, clinical reports of envenoming by several other species of cobras, such as Black 

spitting cobra (Naja nigricollis) and Mozambique spitting cobra (Naja mossambica), do not 

report the occurrence of neurotoxicity (Warrell et al., 1976; Tilbury, 1982). Envenoming by 

species such as the common cobra (Naja naja) and Chinese cobra (Naja atra) do not lead to 

neurotoxicity in most cases (Kularatne et al., 2009; Wong et al., 2010). Therefore, clinical 

evidence is insufficient to conclude that the neurotoxicity seen in humans due to cobra bites is 

primarily post-synaptic in origin. 

Collectively, these studies suggest that the post-synaptic toxins, at least the short-chain toxins, 

are selectively toxic towards certain animal species. Further, these studies raise serious doubts 

about the importance of post-synaptic toxins in neuromuscular paralysis in humans. 

6.3 Issues on antivenom in treating neuromuscular dysfunction in snake envenoming. 

 

The failure of antivenoms to reverse, or prevent, neuromuscular paralysis from snake 

envenoming has often been attributed to geographical variations in the snake venoms leading 

to poor efficacy of the antivenom (Phillips et al., 1988; Theakston et al., 1990; Kularatne, 
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2002). In agreement with such clinical observations, poor neutralisation of the neurotoxic 

effects of Malaysian krait venoms by Thai monovalent and polyvalent antivenoms has been 

observed in vitro (Rusmili et al., 2014). In contrast, some experimental studies suggest the 

ability of heterologous antivenoms to cross-neutralise different snake venoms (Leong et al., 

2012; Kornhauser et al., 2013). While displaying diversification at the finer level, both α-

neurotoxins and pre-synaptic neurotoxins have retained many key structural elements within 

the two groups (Kini, 2003, 2011; Harris and Scott-Davey, 2013; Jackson et al., 2013). This 

suggests a possible, larger cross neutralisation within pre- and post-synaptic toxin groups, by 

antivenoms. A monoclonal antibody raised against toxin α (i.e. short-chain α-neurotoxin from 

Naja nigricollis venom) was able to recognize the functional site of several short-chain snake 

neurotoxins (Trémeau et al., 1986). Therefore, it is necessary to study the cross-neutralisation 

ability of the commercially available heterologous antivenoms in neutralising different 

neurotoxins and neurotoxic venoms.  

It is important to evaluate the existing clinical evidence for the antivenom as a treatment for 

neurotoxic snake envenoming. The question of whether the antivenom is effective in treating 

neurotoxic snake envenoming ideally needs to be addressed by randomized placebo 

controlled clinical trials. Since antivenom has been the standard treatment for snake 

envenoming throughout the world, it may not be practical on ethical grounds to test through a 

placebo controlled trial. However, in the absence of randomized placebo-controlled trials, 

even well designed detailed cohort studies with clinical and neurophysiological approaches 

would provide vital information on the effectiveness of antivenom. Therefore, a thorough 

review of the existing clinical literature may answer some of the questions associated with 

antivenom therapy. 

6.4 Differential susceptibility of animals towards snake α-neurotoxins:  Are rodents good 

models for the study of neurotoxic envenoming in humans? 
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Several animal species, including the mongoose and hedgehog, are known for their resistance 

against snake venom α-neurotoxins. It has been shown that aromatic amino acids at positions 

187 and 189 of the ligand binding site of the α-subunit of nAChR are critical for binding with 

α-bungarotoxin. Interestingly, these resistant species, have evolved with non-aromatic amino 

acid residues in the two key positions, in order to acquire resistance against post-synaptic 

toxins (Barchan et al., 1992, 1995). Interestingly, humans also have non-aromatic amino acid 

residues at these sites, similar to resistant species, while cat, shrew and mouse all have 

aromatic amino acid residues (Barchan et al., 1995). In addition, the α-bungarotoxin binding 

site is conserved across the nAChR of all elapids (Takacs, Wilhelmsen and Sorota, 2000).  

Based on the above evidence, it could be assumed that the short-chain toxins are unlikely to 

affect human nAChR whereas long-chain toxins should partially affect human nAChR. 

However, several weaknesses of these previous studies prevent us from arriving at this 

conclusion directly. Only a limited number of post-synaptic toxins have been used in these 

studies hence the ability to generalize across all venomous snake groups is difficult. In 

particular, the post-synaptic toxins from Australasian elapids have not been tested in these 

studies. Apart from α-bungarotoxin, the toxins used in these studies have originated from the 

venoms of snakes on which clinical data of envenoming in humans is lacking. Hence, future 

studies should be designed to overcome the above weaknesses. 

Characterization of neurotoxic venoms, neurotoxins and testing the ability of the antivenoms 

to bind with these toxins are carried out using experimental animals or animal tissue. 

Lethality studies, the median lethality dose (LD50) and the median effective dose (ED50) with 

rodents are the current recommended standard assay tests for pre-clinical testing of 

antivenoms (World Health Organisation, 2010). These tests only look at the ability of the 

venom to kill rodents within a given time period and the ability of the antivenom to prevent 

death, irrespective of the cause of death. Given that rodents are more susceptible to α-
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neurotoxins, and that α-neurotoxins have a much more rapid onset of action compared with 

pre-synaptic toxins, it could be assumed that α-neurotoxins are the most important toxins 

involved in causing death in these assays. With the growing evidence that snake venom α-

neurotoxins are less relevant to the neurotoxic envenoming in humans, one could argue that 

these assays are testing something different to what they need to test (i.e. the effectiveness of 

antivenom against clinically relevant effects of snake venoms). With increasing concerns over 

animal ethics, the appropriateness of these tests should be re-evaluated through experimental 

studies and careful review of the literature. 

7. Focus of this study 

The present study is aimed at exploring the pathophysiology of the neuromuscular 

dysfunction of snake envenoming in humans using clinical and experimental data based on 

the clinically and epidemiologically most important snake species. For this, observational 

clinical studies supported with objective clinical and neurophysiological parameters, 

experimental studies and systematic literature reviews will be conducted. Snakes that 

commonly cause neurotoxic envenoming in Sri Lanka will be used as a model for clinical and 

experimental studies due to the high availability of the cases, underexplored pharmacology of 

the venoms, prevalent issues on antivenom effectiveness, efficacy and safety which could be 

generalizable across different settings. Furthermore, in order to increase the generalizability 

of the results, a wide range of neurotoxic venoms and post-synaptic toxins from clinically 

important snakes and a range of NMJ from different animal species, including humans, 

rodents and birds will be experimentally studied.  
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Specific objectives 

1. Critically review the clinical evidence on the effectiveness of antivenom therapy in 

prevention or reversing snake venom-induced neuromuscular paralysis in humans. 

 

2. Document the onset, progression and resolution of neuromuscular paralysis and the 

response to antivenom in Indian Krait (Bungarus caeruleus) and Russell’s viper 

(Daboia russelii) envenoming in Sri Lanka, using objective neurological and 

neurophysiological parameters.  

 

3. Investigate the pharmacology of the neuromuscular effects in Sri Lankan Russell’s 

viper envenoming. 

 

4. Study the ability of long-chain and short-chain post-synaptic neurotoxins from snake 

venoms to bind with the subtypes of nicotinic acetylcholine receptors (nAChR) found 

in rodent and human neuromuscular junctions. 

 

5. Study the cross neutralisation of the neurotoxic venoms and their pre- and post-

synaptic neurotoxins by different antivenoms. 
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CHAPTER TWO 

 

 

 

Critical review of current evidence on antivenom as a treatment 

for neuromuscular paralysis in snake envenoming.  
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Overview of the chapter 

 

Antivenom therapy has been established as the standard treatment for neuromuscular 

paralysis in snake envenoming. However, a large body of clinical literature suggest 

that antivenom therapy is unable to prevent or reverse neuromuscular dysfunction in 

snake envenoming. This requires an evaluation of the current clinical evidence for 

antivenom therapy for neuromuscular dysfunction in snake envenoming through a 

critical review. The present Chapter includes a critical review on the use of antivenom 

therapy for neuromuscular paralysis in snake envenoming, based on a search carried 

out in MEDLINE and EMBASE for articles published over the last 70 years. This 

work highlights the lack of high quality clinical evidence globally for antivenom 

therapy in treating neuromuscular paralysis in snake envenoming.  

The Chapter has been published as a review article: 

 

Silva A, Hodgson WC, Isbister GK. Antivenom for neuromuscular paralysis resulting 

from snake envenoming. Toxins (Basel). 2017; 9,143. doi:10.3390/toxins9040143 

 



81 
 



82 
 



83 
 



84 
 



85 
 



86 
 

 



87 
 



88 
 



89 
 



 90 

 



 91 

 



 92 



 93 

 



 94 



 95 



 96 



 97 

 



 98 

 

CHAPTER THREE 

 

 
 

Evolution and resolution of neuromuscular paralysis and the response 

to antivenom in snake bite patients in Sri Lanka.  
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Overview of the Chapter 

 

The literature review in Chapter two indicated that there is a lack of high quality clinical 

evidence, by means of randomized placebo-controlled clinical trials, on the effectiveness of 

antivenom therapy for neuromuscular dysfunction following snake envenoming. Given that 

antivenom is the accepted treatment for envenoming globally, it is unrealistic to expect 

implementation of randomized placebo-controlled clinical trials on antivenom for 

envenoming in the future. Therefore, well-designed observational clinical studies are 

important in investigating the role of antivenom in preventing or reversing the neuromuscular 

dysfunction in snake envenoming. As indicated in Chapter Two, previous observational 

clinical studies had deficiencies including poor case authentication, lack of defined objective 

clinical and neurophysiological parameters, and a lack of serial venom concentration data. 

This Chapter describes an observational clinical study, conducted in Sri Lanka, to investigate 

neuromuscular dysfunction in snake envenoming and its response to antivenom therapy, 

designed to overcome the above highlighted deficiencies. The study included 33 

authenticated envenomings by common krait (Bungarus caeruleus) and 245 authenticated 

envenomings by Russell’s viper (Daboia russelii) and was published as two separate research 

papers. Common krait envenoming resulted in frequent life-threatening paralysis whereas 

Russell’s viper envenoming resulted in mild, non-life-threatening paralysis. In both groups of 

patients, antivenom therapy resulted in a rapid drop in circulating venom antigens indicating 

the efficacious binding of antivenom with the venom antigens. However, this did not result in 

the prevention or reversal of paralysis.  

The work contained in this Chapter was published in two research articles: 
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Silva A, Maduwage K, Sedgwick M, Pilapitiya S, Weerawansa P, Dahanayaka NJ, 

Buckley NA, Johnston C, Siribaddana S, Isbister GK. Neuromuscular Effects of 

Common Krait (Bungarus caeruleus) Envenoming in Sri Lanka. PLoS Negl Trop Dis. 

2016;10 (2): e0004368. 

 

Silva A, Maduwage K, Sedgwick M, Pilapitiya S, Weerawansa P, Dahanayaka NJ, 

Buckley NA, Siribaddana S, Isbister GK. Neurotoxicity in Russell's viper (Daboia 

russelii) envenoming in Sri Lanka: a clinical and neurophysiological study. Clin 

Toxicol (Phila). 2016;54 (5):411-9. 

 

 

  



 101 



 102 



 103 



 104 



 105 



 106 



 107 



 108 



 109 



 110 



 111 



 112 



 113 



 114 



 115 



 116 



 117 



 118 

 

  



 119 



 120 



 121 



 122 



 123 



 124 



 125 



 126 



 127 

 
 



 128 

Errata 

Page 106: The subtitle: ‘Serum Creatinine Kinase Assay’ should read: ‘Serum Creatine 

Kinase Assay’ 
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CHAPTER FOUR 

 
 

 

Pharmacological investigation of the neuromuscular effects of Sri 

Lankan Russell’s viper venom.  
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Overview of the Chapter 

 

As described in Chapter Three, Sri Lankan Russell’s viper envenoming resulted in mild, non-

life-threatening paralysis in humans, which was not prevented or reversed by antivenom 

therapy despite antivenom efficaciously binding with the circulating venom. This indicated a 

possible pre-synaptic type neurotoxicity. In addition, mild myotoxic effects have been 

observed in patients envenomed by Sri Lankan Russell’s viper. Pre-synaptic neurotoxicity 

and myotoxicity are common properties of snake venom PLA2 toxins. The neurotoxins and 

myotoxins responsible for these effects, and the pharmacological origin of the mild 

neuromuscular paralysis and the mild myotoxicity in Sri Lankan Russell’s viper envenoming, 

have not been investigated. These were the focus of the current Chapter.  

Using a combination of different liquid chromatographic techniques, two PLA2 toxins were 

isolated from Sri Lankan Russell’s viper venom and characterized using the isolated chick 

biventer cervicis nerve-muscle preparation. One toxin (i.e. U1-viperitoxin-Dr1a) showed 

weak pre-synaptic neurotoxicity and weak myotoxicity, while the other toxin (i.e. U1-

viperitoxin-Dr1b) showed only weak myotoxic properties. This work was published as two 

research articles; one on the pharmacological basis of the neuromuscular paralysis: 

 

Silva A, Kuruppu S, Othman I, Goode RJ, Hodgson WC, Isbister GK. Neurotoxicity in Sri 

Lankan Russell's Viper (Daboia russelii) Envenoming is Primarily due to U1-viperitoxin-

Dr1a, a Pre-Synaptic Neurotoxin. Nerurotox Res. 2016; 31 (1): 11-9 

 

The other is on the pharmacological basis of the myotoxicity of Sri Lankan Russell’s viper 

envenoming. To complement the pharmacological investigation, clinical data on the 
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myotoxicity of the 245 authenticated Russell’s viper envenomings described in Chapter 2 was 

included in the latter paper. 

 

Silva A, Johnston CJ, Kuruppu S, Kniesz D, Maduwage K, Kleifield, O, Smith I, Siribaddana 

S, Buckley N, Hodgson WC, Isbister GK. Clinical and Pharmacological Investigation of 

Myotoxicity in Sri Lankan Russell's Viper (Daboia russelii) Envenoming. PLoS Negl Trop 

Dis. 2016; 10 (12): e0005172. 
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Errata 

Paper 1 

The legend to Figure 2 should read: “Intact protein analysis chromatogram of MALDI-TOF: 

the intact mass of U1- viperitoxin-Dr1a is 13641.0 m/z.” 

 

Paper 2 

Reference 12 should read: 
Gutierrez JM, Ownby CL. Skeletal muscle degeneration induced by venom phospholipases 

A2: insights into the mechanisms of local and systemic myotoxicity. Toxicon. 2003; 42: 915–

31. 
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CHAPTER FIVE 

 

 
Cross neutralisation of neurotoxic venoms and their pre- and post-

synaptic neurotoxins by different antivenoms. 
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Overview of the Chapter 

 

The ability of heterologous antivenoms to cross-neutralise the neurotoxic effects of snake 

venoms from closely related snake species has been previously reported for a number of 

venom-antivenom combinations. However, this cross-neutralisation has not been investigated 

on a range of different antivenoms and neurotoxic venoms from across different geographical 

regions. In addition, such a pharmacological investigation should include an emphasis on the 

neutralisation of pre- and post-synaptic neurotoxicity. This Chapter includes a study of the in 

vitro cross neutralisation of venoms from four Australian elapids, four Asian elapids, four α-

neurotoxins and one -neurotoxin by five commercially available antivenoms from South 

Asia, Southeast Asia and Australia which were raised against neurotoxic snake venoms. 

Overall, all tested venoms, except Australian brown snake venom, were cross neutralized by 

the heterologous antivenoms tested, indicating a remarkable cross neutraliation of snake 

venom neurotoxins by heterologous antibodies. Post-synaptic neurotoxicity of the toxins and 

venoms was neutralized by antivenoms raised against venoms containing post-synaptic 

neurotoxins. Similarly, pre-synaptic neurotoxicity of the toxins and venoms was neutralized 

by antivenoms raised against venoms containing pre-synaptic neurotoxins. Australian brown 

snake venom, which contains unique type III α-neurotoxins which are absent in Asian snake 

venoms, was not cross neutralized by Asian antivenoms. This study provides evidence on the 

potential for developing a universal neurotoxic antivenom by selecting representative 

toxins/venoms in the immunization mixture. The study was published as a research article in 

the journal, Toxins (Basel). 

Silva A, Hodgson WC, Isbister GK. Cross-neutralisation of in vitro neurotoxicity of Asian 

and Australian Snake neurotoxins and venoms by different antivenoms. Toxins (Basel). 

2016;8(10). pii: E302. 
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CHAPTER SIX 

 

 
Differential susceptibility of human and rat nicotinic acetylcholine 

receptors (nAChR) to snake venom short-chain post-synaptic 

neurotoxins. 

  



 181 

Overview of the Chapter 

 

It has long been considered that snake venom α-neurotoxins cause paralysis in envenomed 

humans by antagonising nAChR at the neuromuscular junction. Short-chain (type I) α-

neurotoxins show some differences to long-chain (Type II) α-neurotoxins structurally and in 

pharmacological properties. Snake α-neurotoxins have evolved to maximise prey specific 

toxicity of the venoms hence show differential potency on nAChR of different animals. 

However, a key question regarding snake α-neurotoxins that remains unanswered is whether 

they are able to cause paralysis in humans at the circulating toxin concentrations which occur 

after snake envenoming. Further, the ability of commercially available antivenoms to reverse 

the paralysis caused by α-neurotoxins has not been pharmacologically investigated. This 

Chapter answers the above questions using a variety of experimental techniques. 

Using electrophysiological techniques on frog oocytes, we demonstrate the lower potency 

and rapid reversibility of short-chain α-neurotoxins, in comparison to long-chain α-

neurotoxins, on human nAChR, which suggests that short-chain α-neurotoxins are unlikely to 

cause paralysis in humans. In addition, we demonstrate the comparatively high susceptibility 

of rat nAChR to snake short-chain α-neurotoxins, compared to human nAChR indicating that 

rats may not be an appropriate model for examination of neurotoxicity, and the efficacy of 

antivenoms, in humans. Further, using rodent and avian skeletal muscle preparations, we 

demonstrate that antivenoms accelerate the reversibility of α-neurotoxin mediated inhibition. 

Based on these findings, we hypothesise even greater reversibility could be expected on the 

comparatively less susceptible human nAChR. 

The content of this Chapter is prepared as a research article for submission to the journal, 

Nature Communications, and has been formatted as per journal’s guidelines. 
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Defining the role of post-synaptic -neurotoxins in neuromuscular paralysis due to snake 

envenoming in humans. 
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Abstract 

Snake venom α-neurotoxins inhibit nicotinic acetylcholine receptors (nAChRs), however their role in 

human paralysis has remained unclear. Here we demonstrate, with two short chain α-neurotoxins 

(SαNTx) and two long chain α-neurotoxins (LαNTx), that SαNTx are markedly less potent and more 

reversible at human muscle-type nAChR compared to rat. In contrast, LαNTx show no species 

differences in pharmacology. A review of venom proteome and clinical data indicates that paralysis in 

humans following snakebite is likely to be due to LαNTx, but not SαNTx. SαNTx and LαNTx mediated 

neuromuscular block in rat and chick in vitro nerve-muscle preparations was reversed to differing 

extents by commercially available antivenoms supporting the benefit of antivenom reversing post-

synaptic mediated paralysis in humans. The differential susceptibility of rat and human nAChR 

towards SαNTx challenges the usefulness of rodent lethality prevention assays in assessing efficacy of 

antivenoms for clinical use. 
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Introduction 

Neuromuscular paralysis is a common clinical effect of snake envenoming and is often life-

threatening when the paralysis involves bulbar and respiratory muscles
1,2

. Snake neuromuscular 

paralysis is a lower-motor neuron type, flaccid paralysis due to the blockade of neurotransmission at 

the neuromuscular junction (NMJ)
2–5

. Of the snake venom neurotoxins acting on the NMJ, the vast 

majority are either phospholipase A2 toxins which act pre-synaptically (i.e. β-neurotoxins) or curare 

mimetic three-finger toxins which act post-synaptically (i.e. α-neurotoxins). β-neurotoxins result in a 

depletion of synaptic vesicles and subsequent irreversible destruction of the motor nerve terminal
6
. 

Whereas, α-neurotoxins are competitive antagonists that bind with high affinity to the two agonist 

binding sites of the adult (α1-δ and α-ε in (α1)2βδε) and foetal (α1-δ and α1-γ in (α1)2βδγ) nicotinic 

acetylcholine receptors (nAChR) on the motor end plate, leading to neuromuscular blockade
7
. The α-

neurotoxins belong to the three-finger toxin structural family and two major groups have been 

pharmacologically and structurally characterised: short-chain α-neurotoxins (SαNTx), which consist 

of 61–62 amino acids and four disulfide bridges; and long-chain α-neurotoxins (LαNTx), which 

consist of 66–75 amino acids with five disulfide bridges
8
. Although both types of α-neurotoxins bind 

to the same sites on the nAChR with high affinity, SαNTxs dissociate more rapidly, so are generally 

more reversible in their antagonism
8
. Despite recent advances in our knowledge of the molecular basis 

of the interaction of α-neurotoxins with the nAChR, several key questions remain in regards to their 

reversibility, and role in paralysis in human envenoming
1
. 

Our current knowledge of the relevance of snake α-neurotoxins in human envenoming and paralysis is 

largely derived from assumptions based on rodent, avian and amphibian pharmacological models
8–10

. 

Indeed, the World Health Organisation recommended standard assay for testing the efficacy of snake 

antivenoms in clinical use is the rodent lethality prevention assay
11

. The clinical applicability of such 

animal models assumes similar susceptibility of the nAChRs to snake α-neurotoxins between 

experimental animals and humans. However, it is well documented that nAChRs from different 

animals show substantially different susceptibility to α-neurotoxins
12–14

. A further complicating factor 
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in our understanding of neurotoxicity in human snakebite is the variation in content and relative 

concentrations of toxins that interfere with neuromuscular transmission.  

Neurotoxic envenoming is common in Asia and Australia. In these geographical regions, the venoms 

of kraits (Bungarus spp.), taipans (Oxyuranus spp.), tiger snakes (Notechis scutatus), death adders 

(Acanthophis spp.) and brown snakes (Pseudonaja textillis) in Australia possess both β and α-

neurotoxins. Neuromuscular paralysis in humans envenomed by these snakes is attributed to β-

neurotoxins
6,15–17

. Asiatic cobras (Genera Naja and Ophiophagus) contain large amounts of α-

neurotoxins in their venoms and lack β-neurotoxins and frequently cause paralysis in humans 

indicating that α-neurotoxins are capable of causing neuromuscular paralysis in humans
18–20

. In 

contrast, some Australian snakes, such as black snakes (Pseudechis spp), possess only α-neurotoxins 

in their venoms, but do not cause paralysis in humans
21

. The reason for this discrepancy in the ability 

of the two major types of α-neurotoxins in the above venoms to cause human paralysis is unknown. 

The present study was undertaken to investigate the molecular pharmacology of SαNTx and LαNTx 

on muscle type nAChRs and how this translates to toxicity in rodents and envenoming in humans. 

These data will elucidate: (1) the clinical relevance of snake α-neurotoxins in human envenoming, (2) 

the relevance of rodent lethality tests and in vitro nerve-muscle preparations to the pathophysiology of 

paralysis in snake envenoming in humans; and (3) the potential effectiveness of antivenom in α-

neurotoxin mediated neurotoxicity and paralysis in humans. 

We studied the binding and the reversibility of two SαNTx (α-elapitoxin-Ppr-1 from red-bellied black 

snake, P. porphyriacus and α-scutoxin-1 from coastal taipan, O. scutellatus) and two LαNTx (α-

bungarotoxin from Chinese banded krait, B. multicinctus and α-elapitoxin-Nk2a from Thai cobra, N. 

kaouthia) on human and rat muscle-type nAChRs [(α1)2βδε; i.e., adult] expressed on Xenopus oocytes 

using two-electrode voltage clamping (TEVC). We compared this to the effects of atracurium besylate 

and rocuronium bromide, two short acting non-depolarising muscle relaxants used for paralysis in 

humans for rapid sequence intubation and surgery. We show that the SαNTxs are less potent  and 

rapidly reversible, in comparison to LαNTxs, on human nAChR suggesting that they are unlikely to 
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cause medically important paralysis in humans. In addition, the high potency and comparatively slow 

reversibility of SαNTx on rat nAChRs indicate that they are responsible for neurotoxicity in rodents 

and therefore that the rat may be an inappropriate model of neurotoxicity for testing the efficacy of 

antivenoms for humans. Finally, we compare the venom concentrations reported in human 

envenoming with the known abundance and IC50 of neurotoxins for the respective snakes to estimate 

the likelihood that a given toxin may be clinically relevant for each type of snake. Based on our data, 

we hypothesise that LαNTx cause paralysis in envenomed humans only if present in high relative 

abundance and/or if the snake, such as some cobra species (gen. Naja and Ophiophagus), is capable of 

injecting large amounts of venom. Further, using the skeletal muscle preparations chick biventer 

(CBVNM) and rat phrenic nerve-hemidiaphragm (RPNHD), we demonstrate that the antivenoms 

accelerate the reversibility of α-neurotoxin mediated inhibition of rat and chicken nAChR hence 

hypothesise an even greater reversibility can be expected on the comparatively less susceptible human 

nAChR. 

Results 

SαNTx are less potent and rapidly reversible on human nAChR but not rat nAChR. 

To investigate the species specificity of the α-neurotoxins on adult muscle type nAChRs, we studied 

their ability to inhibit ACh-induced (3μM) membrane currents in Xenopus oocytes expressing either 

rat or human (α1)2βδε nAChR subunits. Two representative α-neurotoxins from each of the SαNTx 

and LαNTx groups were chosen representing Australian and Asian snakes with known clinical effects 

of envenoming. Two α-neurotoxins from snake venoms that contain no β-neurotoxins were selected, 

one from a snake species that does not cause paralysis in humans (SαNTx, α-elapitoxin-Ppr-1 from 

the red-bellied black snake P. porphyriacus) and one from a species that causes paralysis in humans 

(LαNTx, α-elapitoxin-Nk2a from Thai cobra N. kaouthia). The other two toxins, i.e. α-bungarotoxin 

(LαNTx) and α-scutoxin-1 (SαNTx), were selected from snakes that commonly cause paralysis in 

humans with their venoms having both α- and β-neurotoxins (Figure 1).  
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All four toxins potently inhibited both human and rat nAChR in a concentration-dependent manner 

with IC50s below 100 nM (Figure 2). The two SαNTxs exhibited marked species dependence on 

inhibition with 5 and 17-fold higher IC50s at the human channel compared to that of rat nAChR (Fig. 

2e & f). In contrast, the LαNTx mediated inhibition was not different on rat and human nAChR (Fig. 

2g & h; Table 1). The commonly used muscle relaxants atracurium and rocuronium also completely 

and concentration-dependently inhibited both rat and human muscle nAChR, with IC50s comparable 

to those previously reported using Xenopus oocytes
22

. Rocuronium and atracurium were 1.5 and 7-

fold more potent on the human channel (Fig. 2i & j).  

We then studied the reversibility of the α-neurotoxin-mediated inhibition of the rat and human nAChR 

and compared this to the reversibility of the two muscle relaxants, because of their known rapid 

dissociation from the channel required in human use. The reversibility of the two SαNTxs was both 

species- and peptide-dependent (Figure 3b & c). While α-elapitoxin-Ppr-1 and α-Scutoxin-1-induced 

inhibition of the human channel was rapidly and completely reversible (full recovery in ~6 min), the 

effect of α-elapitoxin-Ppr-1 on the rat channel was very slowly reversible and the inhibitory effect of 

Scutoxin-1 on the rat nAChR was moderately reversible (~50% after 6 min washout). Consistent with 

previous studies, the LαNTxs were slowly reversible from both rat and human muscle nAChR, still 

showing >60% inhibition after 15 min of thorough washing. As expected, the recovery of human 

nAChR from the two muscle relaxants was extremely rapid (<2 min) compared to the recovery from 

the snake neurotoxins. There was little difference observed in the reversal between the rat and human 

nAChR for the LαNTx and the two muscle relaxants (Figure 3 d-i).  

Together, these results show that the two SαNTxs are less potent and more rapidly reversible on the 

human nAChR compared to rat nAChR, while the LαNTxs show no such species difference. Our 

results using heterologously expressed channels are in agreement with previous studies that suggest 

the human receptor is relatively resistant to snake short-chain neurotoxins compared to the rat 

receptor 
23

. The high potency and poor reversibility of the LαNTx mediated inhibition of the human 

muscle nAChR suggests that LαNTx are substantially more likely to cause paralysis in envenomed 

humans compared to SαNTxs. 
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Role of SαNTx and LαNTx in clinically detectable paralysis in envenomed humans 

To further investigate the association between post-synaptic α-neurotoxins and paralysis in 

envenomed humans we need to quantify the relative exposure of the muscular nAChR to these 

peptides in the context of their activity at the human receptor. Thus, we collated available 

experimental data on the type (presynaptic, SαNTx and LαNTx), relative abundance and potency of 

neurotoxins in the venom of snakes that are associated with paralysis in human envenoming, and 

combined this with data on the maximum serum venom concentrations observed in humans 

envenomed by these snakes (summarised in Table 2). 

We found information on the relative abundance of SαNTx and LαNTx from four major neurotoxic 

snake groups, i.e. kraits (genus: Bungarus), taipans (genus: Oxyuranus), tiger snakes (genus: 

Notechis) and cobras (genus: Naja), which cover the source of three of the four toxins used in our 

functional studies. All above snake groups except cobras have co-existing pre-synaptic neurotoxins in 

the venoms making it difficult to draw conclusions on the role of these post-synaptic neurotoxins 

alone in human paralysis. However, the absence of pre-synaptic neurotoxins in cobra venoms as 

determined by proteomics strongly supports that neurotoxicity observed following cobra envenoming 

is entirely due to the action of α-neurotoxins. Cobra bites result in large venom concentrations in 

envenomed humans hence higher concentrations of α-neurotoxins compared to most other elapids 

such as kraits and Australasian elapids. Based on the assumption that the average molecular weights 

of SαNTx and LαNTx are 6.5 and 7.5 kDa, respectively, and the pharmacokinetics and 

pharmacodynamics of α-neurotoxins are generally similar to other venom toxin groups, the expected 

maximum serum venom concentrations in envenomed humans ranges from 0.27-170.5 and 0.09-139.8 

nM, respectively. The IC50s of the four α-neurotoxins on human nAChR ranged from 2.3-93.3 nM 

hence, in severe envenomings, it is likely that the concentrations of some of the SαNTx and LαNTx at 

the neuromuscular junctions could exceed the IC50 on the human nAChR. 

All cobra species possess relatively high abundances of SαNTx, but species possessing higher relative 

abundances of LαNTx, such as N. kaouthia and N. naja, more commonly cause paralysis in humans 
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(Table 2). Similar to these Asian neurotoxic cobras, African cobras (e.g. N. haje) that possess more 

LαNTx in their venom
24

 cause neuromuscular paralysis in envenomed humans
25

. LαNTx are therefore 

clinically important in causing neuromuscular paralysis in humans, consistent with their presence in 

Naja and Ophiophagus venoms which are reported to cause neurotoxicity
20,26,27

. The lack of clinically 

detectable paralysis in patients envenomed by most African cobras having venoms rich in SαNTx, 

with no LαNTx, is likely due to the rapid reversibility of the antagonism by SαNTx on human 

nAChR. 

While acknowledging the possible reporting bias as well as the heterogeneity of the studies, the 

available data further supports our hypothesis that LαNTx are more clinically important than SαNTx 

in causing paralysis in humans. 

Antivenoms can reverse the SαNTx and LαNTx mediated inhibition at the nAChR. 

To investigate whether antivenoms used clinically can reverse the neuromuscular block due to 

inhibition of nAChR by SαNTx and LαNTx, we exposed the chick biventer nerve muscle preparation 

-Elapitoxin-Ppr-1) and 

SαNTx (α-Elapitoxin-Nk2a) and investigated the reversal of the toxin-mediated inhibition of twitches 

with the antivenom. Antivenom resulted in 80% recovery of the indirect twitches inhibited by both 

types of toxins in the RPNHD within 40 min compared to no recovery by regular washing of the 

preparation for 60 min (Figure 4). In contrast, the antivenom mediated indirect twitch recovery in the 

CBVNM preparation was only partial and very slow compared to the RPNHD during the observation 

period. There was no recovery of the twitches with regular washing of the preparation during the 

observation period (Figure 4). This suggests that antivenom can accelerate the recovery of nAChR 

from α-neurotoxin mediated inhibition, effectively reversing neuromuscular blockade. This 

demonstrates that antivenom therapy is ‘never too late’ for α-neurotoxin induced neuromuscular 

paralysis, if the antivenom can effectively reach the NMJ.  
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Discussion  

Rodents have been used extensively as key in-vivo and in-vitro animal models of snake envenoming 

in humans. Based on the assumption that rodents and humans are similarly susceptible to medically 

important snake venom toxins, rodent lethality prevention tests are currently widely used for testing 

the efficacy of antivenoms in clinical use
11

. Here, we demonstrated that the human nAChR is resistant 

to snake venom SαNTx compared to rat nAChR due to the marked differences in the sensitivity of the 

nAChR to the toxin as well as the reversibility of toxin mediated block of the receptor. This difference 

in the susceptibility was not found with the LαNTx. More importantly, the study has demonstrated 

that commercial antivenoms can reverse the neuromuscular block caused by both SαNTx and LαNTx, 

on both rat and chicken nerve-muscle preparations, providing specific evidence for the potential 

effectiveness of antivenom in reversing post-synaptic neurotoxicity in humans. 

Consistent with our results, previous binding studies have suggested that the human nAChR has low 

affinity towards the SαNTx erabutoxin-b compared to high affinity binding with the LαNTx α-

bungarotoxin. In contrast, toxins bind with high affinity to the mouse nAChR
23

. The nAChR of snakes 

themselves, and their predators such as the mongoose and hedgehog, are resistant to snake α-

neurotoxins. This resistance is associated with the presence of N-linked glycosylation sites within the 

ligand binding region, which are absent in the human and rodent receptor
13,14

. However, similar to 

species resistant to snake α-neurotoxins, humans lack aromatic amino acid residues at positions 187 

and 189 of the α-subunit of the nAChR that are required for high-affinity binding of α-neurotoxins 
28

. 

Therefore, the binding of snake α-neurotoxins to the human nAChR is considered to be 'partial’, as 

opposed to the ‘complete’ binding which occurs for rodent and avian nAChR
14

. 

Our findings show that SαNTx are unlikely to be medically important and snakes with venoms that 

contain a larger proportion of these toxins are unlikely to cause neurotoxicity in humans. For example, 

the beaked sea snake venom (Hydrophis schistosus) contains of 68% SαNTx and only 14% LαNTx 
29

, 

consistent with neuromuscular paralysis being rarely reported in the absence of systemic myotoxicity 

in envenomed humans
30

. Similarly, N. atra venom possesses high relative abundance of SαNTx with 
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low abundance (< 3%) of LαNTx, and bites by this snake do not cause neuromuscular paralysis in 

humans
31,32

. Australian red-bellied black snake (P. porphyriacus) venom possesses a single SαNTx 

(α-elapitoxin-Ppr1), which is responsible for the neurotoxicity seen in vitro because no LαNTx has 

been isolated 
21

. Neuromuscular paralysis has never been reported in red bellied black snake 

envenoming, again consistent with the lack of LαNTx in the venom
33

.Venoms of African spitting 

cobras possess SαNTx, but lack LαNTx and paralysis is not reported in human envenoming 
19,34

. The 

absence of neurotoxic features or paralysis in human envenoming by snake venoms that contain a low 

relative abundance of LαNTx, but a high relative abundance of SαNTx, may be simply due to the 

smaller amounts of venom being injected in human envenoming cases, resulting in lower serum 

concentrations of LαNTx. However, the competition between the slow binding and reversing LαNTx 

and the more abundant, fast-binding and reversible SαNTx for the agonist binding sites of the nAChR, 

might further reduce the net effect of the LαNTx, and cannot be excluded as a reason.  

The literature search based comparison of venom proteomes of neurotoxic snakes included the most 

important genera which cause most neurotoxic envenomings in South Asia, South-East Asia and 

Pacific regions, which record over two thirds of the global snakebite burden
35

. Of the genera which 

were excluded in the search, apart from the genus Ophiophagus, the venoms of other genera possess 

pre-synaptic neurotoxins as major neurotoxins in their respective venoms, hence exclusion of those 

are unlikely to affect the generalisability of the study findings. However, the reporting bias and the 

heterogeneity associated with such literature search based conclusions cannot be excluded. Further, 

the use of emzyme-immunoassay-based venom antigen concentrations to predict the serum LαNTx 

and SαNTx might be less accurate unless the assay picks the two types toxins similar to how the assay 

picks other venom antigens. 

The present study demonstrated functionally, that commercially used antivenoms are able to reverse 

the neuromuscular block caused by both SαNTx and LαNTx on the rat hemidiaphragm. Based on the 

similar susceptibility of human and rat nAChR to LαNTx, the rat diaphragm is an appropriate in-vitro 

model for testing antivenom mediated reversibility of the neuromuscular block by LαNTx in humans. 
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Together with previous observations
36–38

, this supports the idea that antivenom is effective in 

potentially reversing or partially reversing established neuromuscular paralysis caused by snake long-

chain α-neurotoxins. The administration of antivenom is therefore never too late for α-neurotoxin 

mediated neuromuscular block, although very delayed administration may only be partially effective. 

The above depends on the ability of the antibody fragments in commercial antivenoms to reach motor 

end plates, which should be tested in-vivo. 

The use of lethality based rodent models for testing the efficacy of antivenoms for clinical use
11

 is 

problematic with regards to translation of results to the clinical setting
39

. Venom-induced 

consumption coagulopathy and neuromuscular paralysis are the two most important systemic effects 

of envenoming. This requires that animal models used to examine antivenom efficacy reasonably 

represent the pathophysiology of the coagulopathy and neurotoxicity in humans. However, the 

resistance of rodent plasma to procoagulant snake venoms
40

, along with our current findings of 

differential susceptibility of human and rat nAChR to snake SαNTx, suggests that rodent lethality 

models may misrepresent the pathophysiology of envenoming in humans. For example, rodent 

lethality and ED50 studies of cobra venoms that only contain SαNTx, are unhelpful because these 

snakes cause cytotoxic effects in humans and rats are likely to succumb to neurotoxicity due to the 

SαNTx in the venom, which humans are unaffected by. 

In our study, we did not have a direct comparison of the binding and reversibility of the snake α-

neurotoxins with the chicken vs human and rat nAChR. However, the reversibility of the 

neuromuscular block caused by both SαNTx and LαNTx was slow and partial on chicken tissues 

compared to rat tissues. This might indicate that α-neurotoxins bind more strongly to chicken nAChR, 

compared to rat nAChR, which is in agreement with previous observations
41

. Therefore, the 

appropriateness of the chick biventer preparations as a model for α-neurotoxin action on human 

nAChR requires further evaluation. 

Methods 
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Toxins and drugs 

The LαNTx α-Bungarotoxin from Bungarus multicinctus was purchased from Invitrogen (OR, USA; 

Batch no: 1601). LαNTx α-elapitoxin-Nk2a was purified from Thai Monocellate cobra venom (Naja 

kaouthia; Venom Supplies, Tanunda, South Australia). The two SαNTx, α-Elapitoxin-Ppr1 and α-

scutoxin-1 were purified from Australian Rred-bellied black snake (Pseudechis porphyriacus; Venom 

Supplies, Tanunda, South Australia) and Australian coastal taipan (Oxyuranus scutellatus; Venom 

Supplies, Tanunda, South Australia). Toxins  were  purified using a single step reverse-phase high 

performance liquid chromatography (RP-HPLC) (LC-10ATVP pump and SPD-10AVP detector, 

Shimadzu, Kyoto, Japan) as described previously
21,42,43

. Briefly, venoms were dissolved in solvent A 

(0.1% trifluoroacetic acid [TFA], Auspep, Tullamarine, VIC, Australia) and 2 mg of total protein was 

injected into a Phenomenex Jupiter semi-preparative C18 column (250mm×10 mm; 5 µm; 300 A, 

Phenomenex, Lane Cove, NSW, Australia), equilibrated with solvent A. Fractions were eluted using 

the following gradient of solvent B (90% acetronitrile [ACN, Merck KGaA, Darmstadt, Germany] in 

0.1% TFA): 0%–20% over 5 min (4% gradient), 20%–60% over 5–45 min (1% gradient), and 60%–

80% for 45–50 min (4% gradient) at a flow rate of 2.0 mL/min, monitoring at 214 nm. The identity 

and the purity of the isolated toxins were further verified using matrix-assisted laser 

desorption/ionization (MALDI-TOF) mass spectrometry(4700 Proteomics Analyser MALDI 

TOF/TOF, AB Sciex, Foster City, CA, USA) as described previously
16,44

. Protein quantification of the 

toxin samples were performed using NanoDrop™ 2000c Spectrophotometer. 

Atracurium Besylate (Aspen Pharmacare, Australia; Batch: T738) and Rocuronium Bromide 

(Esmeron, UK; Batch: 685003) 10mg/ml injection solutions were a gift from the Calvary Mater 

Newcastle pharmacy department. 

Antivenoms 

Thai neuro polyvalent antivenom (raised against B. candidus, B. fasciatus, Ophiophagus hannah and 

N. kaouthia; Thai Red Cross Society, Bangkok, Thailand; Batch No: NP00113, date of expiry: 
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27.02.2018) and Australian polyvalent antivenom (raised against P. australis, N. scutatus, P. textillis, 

A. antarcticus and O. scutellatus; CSL, Parkville, VIC, Australia; Batch No: 18501, date of expiry: 

02.2016) were used for this study 

 

Two-electrode voltage clamp of Xenopus oocytes 

Oocytes were surgically removed from anaesthetised (Tricaine methanesulfonate, MS-222) female X. 

laevis frogs and defolliculated by treating with collagenase (1 mg/ml; Sigma type I). Plasmids 

containing cloned rat and human muscle type nAChR subunits were linearised, then capped cRNAs 

were synthesised using either a T7 or SP6 mMESSAGE mMACHINE transcription kit (Ambion Inc., 

Austin, TX, USA). Stage V–VI oocytes were injected with 8.2 ng of cRNA (Nanoject 2000; WPI, 

Sarasota, FL, USA) and stored at 17 °C in ND96 solution (96 mM NaCl, 1.8 mM CaCl2, 2 mM KCl, 

2 mM MgCl2, 5 mM HEPES, pH 7.4) supplemented with 2.5 mM pyruvic acid, 50 μg/mL 

gentamicin, and 2.5% horse serum. Membrane currents were recorded 1–3 days after injection under 

voltage-clamp at –60 mV (Axoclamp 900A, Molecular Devices, CA, USA) using two standard glass 

microelectrodes of 0.5–2 MΩ resistance when filled with 3 M KCl solution. Data acquisition (5000 

Hz and filtered at 0.01 Hz) and analysis were performed using pCLAMP10 software (Molecular 

Devices, Sunnyvale, CA, USA). All experiments were performed at room temperature (18–21 °C) in 

ND96 solution. Following the Initial experiments to identify the appropriate ACh concentration, 

currents were elicited by application of 3 µM ACh for 5 s every 60 s using a flow rate of ~1.5 mL/min 

(bath volume = 25 μL) to allow rapid solution exchange. Toxins were prepared by serial dilutions in 

ND96 solution containing 0.1% fatty acid free-bovine serum albumin (Sigma), and administered post-

stimulation at pH 7.4 and oocytes were bathed in the compound solution for ~ 3 min. Muscle 

relaxants were prepared by serial dilutions in ND96 solution containing 1 uM ACh, and administered 

with ACh stimulus to allow access to the open state. The concentration response curves were fitted to 

the Hill equation (GraphPad Prism 7). IC50 values determined for individual curves were compared 

using an extra sum-of-squares F test assuming a Gaussian distribution and equal standard deviation. 
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All data points are shown as mean ± S.E.M., and replicates (n) represent separate experimental 

oocytes. All work using X. laevis was carried out in strict accordance with the recommendations in the 

Australian code of practice for the care and use of animals for scientific purposes. The protocol was 

approved by the Anatomical Biosciences group of the Animal Ethics Committee at The University of 

Queensland (Approval Number QBI/059/13/ARC/NHMRC). 

Chick biventer nerve-muscle preparation (CBVNM) 

CBVNM experiments were conducted as described previously
43,44

. Briefly, male chickens (aged 4–10 

days) were killed by exsanguination following CO2 inhalation. Biventer cervicis nerve-muscle 

preparations were dissected and mounted under 1 g resting tension in 5 mL organ baths. Tissues were 

maintained at 34°C, bubbled with 95% O2 and 5% CO2, in physiological salt solution of the following 

composition (mM); 118.4 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 2.5 CaCl2, 25 NaHCO3 and 11.1 

glucose. Indirect twitches were evoked by stimulating the motor nerve (rate: 0.1 Hz; pulse duration: 

0.2 ms) at supramaximal voltage (7–15 V), using a Grass S88 stimulator (Grass Instruments, Quincy, 

MA, USA). Selective stimulation of the nerve was confirmed by the abolishment of twitches with d-

tubocurarine. Tissues were then repeatedly washed with physiological salt solution to restore twitch 

response to nerve stimulation. Contractile responses of the tissues to 1mM exogenous acetylcholine 

(ACh) for 30 s, 20 µM carbachol (CCh) for 60 s and 40 mM KCl for 30 s were obtained in the 

absence of nerve stimulation. The preparations were then stimulated for 20 min, before the addition of 

0.1 µM α-elapitoxin-Ppr1 or α-elapitoxin-Nk2a. Once the twitch height reduced to 10% of the pre-

toxin twitch height, the preparation was washed once and then, either 200µl of antivenom was added 

to the organ bath or washed the preparation every 5 min for 5 s. Then, the recovery of the twitches 

was observed for approximately 60 and 120 min for α-elapitoxin-Ppr1 and α-elapitoxin-Nk2a treated 

preparations, respectively. At the conclusion of the experiment, ACh, CCh and KCl were re-added as 

above. All in-vitro nerve-muscle experiments in this study were approved by the Monash University 

Animal Ethics Committee (Approval No: MARP/2014/097). 

Rat phrenic nerve-hemi-diaphragm preparation (RPNHD) 
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RPNHD were conducted as described previously
44

. Briefly, adult rats (males; 300–350 g) were killed 

by CO2 inhalation. The hemi-diaphragms with intact phrenic nerves were carefully dissected and 

mounted at a resting tension of 1 g in 15 ml organ baths, under the same bath conditions used for the 

chick preparation. The electrical stimulation of the phrenic nerve and the recording was carried out as 

described for the chick preparation, except the supramaximal voltage used for stimulation ranged 

from 2 to 5 V. Selective stimulation of the motor nerve was confirmed by the abolition of twitches by 

d-tubocurarine (10 µM). Tissues were then washed, and once the twitches were fully recovered, the 

stimulation was carried out for another 20 min before the toxins were added to the organ bath. Once 

the twitch height reduced to 10% of the pre-toxin twitch height, the preparation was washed once and 

then, either 200µl of antivenom was added to the organ bath or washed the preparation every 5 min 

for 5 s. All in-vitro nerve-muscle experiments in this study were approved by the Monash University 

Animal Ethics Committee (Approval No: MARP/2014/097). 

 

Comparison of snakes containing different proportions of SαNTx and LαNTx and human 

neurotoxicity 

A MEDLINE search was carried out using the search terms ‘venome’ and / or the combination of 

‘venom’ and ‘proteome’ in order to find any articles describing venomic data of the major snake 

genera that belong neurotoxic species, namely, Bungarus, Naja, Oxyuranus, Notechis, Micrurus, 

Ophiophagus, Acanthophis, Vipera, Crotalus and Daboia. Only the articles specifying the relative 

abundance of SαNTx and LαNTx were selected and such snake genera and the species were 

identified. Species without α-neurotoxins in the venom proteome were excluded. Then, another 

MEDLINE search was carried out in order to identify the clinical reports of envenoming caused by 

the selected genera. Based on the above search, the presence or absence of neuromuscular paralysis in 

humans envenomed by different species of snakes belonging to each genera was authenticated and the 

maximum venom concentrations in envenomed humans were identified. The species on which both 

venomic and clinical data are available, belonging to snake genera with venom concentration data in 
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envenomed humans were identified and included into the Table 2. Genera excluded were Daboia, 

Acanthophis, Micrurus, Vipera, Crotalus and Ophiophagus due to one or several of the following 

reasons (1) lack of α-neurotoxins in the venoms, (2) lack of venomic data that specify SαNTx and 

LαNTx, (3) lack of venom concentration data in humans. 
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FIGURES 

 

Figure 1: Clinical effects reported in human envenoming by the four snake species from which the 

four α-neurotoxins were isolated; Oxyuranus scutellatus
58

, Bungarus multicinctus
49

, Pseudechis 

porphyriacus
33

 and Naja kaouthia
63

. Note: All except P. porphyriacus cause paralysis in humans. 
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Figure 2: Species selectivity of α-neurotoxins and muscle relaxants on muscle-type nAChRs: 

Current traces were evoked by ACh-induced (3μM, 5 s) currents in oocytes expressing the rat and 

human  (α1)2βδε nAChR. Toxins were applied for 3 min prior to subsequent ACh application. 

Atracurium and rocuronium were co-applied with the ACh stimulus due to their rapid off rates. 

Example traces of the inhibition of the human and rat (α1)2βδε nAChR by 3 μM α-elapitoxin-Ppr-1 (a 

& b) and α-bungarotoxin (c & d) compared to the control currents. Concentration-effect curves 

comparing the inhibitory activity of α-neurotoxins and clinically used muscle relaxants on ACh-

induced currents in oocytes expressing the rat (blue curve) or human (red curve) (α1)2βδε nAChR. by 

the two SαNTx, (e), α-elapitoxin-Ppr-1 and (f), α-scutoxin-1, the two LαNTx, (g), α-bungarotoxin and 

(h) α-Elapitoxin-Nk2a and the two muscle relaxants, (i) atracurium and (j) rocuronium. Data are 

expressed as a percentage of control current and fitted to the best-fit curves in GraphPad 7.0. (n = 5–6; 

Error bars: SEM). 
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Figure 3: Reversibility of the four α-neurotoxins and muscle relaxant-induced inhibition of the 

rat and human muscle-type nAChR: (a) Schematic diagram illustrating the protocol used to 

determine the reversibility of the inhibition of rat and human nAChR by the toxins. Atracurium and 
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rocuronium were co-applied with the ACh stimulus due to their rapid off rates. Example traces of the 

recovery of rat (b) and human (c) (α1)2βδε nAChR from the 10nM α-elapitoxin-Ppr-1 mediated 

inhibition, indicating two control currents, application of the toxin for three minutes followed by the 

recovery of the currents. The recovery of 10μM ACh induced currents in oocytes that expressed rat 

(blue curve) vs human (red curve) (α1)2βδε nAChR from the inhibition caused by two SαNTx, (d), 

10nM α-Elapitoxin-Ppr-1 and (e), 1μM α-scutoxin-1, the two LαNTx, (f), 10nM α-bungarotoxin and 

(g) 10nM α-Elapitoxin-Nk2a and the two muscle relaxants, (h) 1μM atracurium and (i) 1μM 

rocuronium. Note: the human nAChR fully recovered from the SαNTx mediated inhibition, within 8 

min while the rat nAChR was not fully recovered after 15 min. The human nAChR showed 80% 

recovery from snake SαNTx and the two muscle relaxants in 4 and 1 minutes respectively. The post-

toxin current was expressed as a percentage of the initial current. (n = 5–8; Error bars: SEM). 
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Figure 2: Reversal of 0.1μM α-neurotoxin mediated neuromuscular block in rodent and avian 

neuromuscular preparations by antivenoms in-vitro: (a) CBNMP and RPNHD were exposed to 

0.1μM α-neurotoxin and after the nerve-mediated twitches reached 10% of their original height, the 
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preparation was washed once and the respective antivenoms added at 40μl/ml (red trace) as opposed 

to washing of the preparation for 5 s every 5 min (blue trace). The recovery of α-Elapitoxin-Ppr-1 

(SαNTx) and α-Elapitoxin-Nk2a (LαNTx) mediated inhibition of the indirect twitches in rat 

hemidiaphragm (b & c) and in chick biventer nerve-muscle preparation (d & e) in the presence of 

antivenom (red line) was significant as opposed to washing the preparation (blue line). Australian 

polyvalent antivenom was used for experiments with α-Elapitoxin-Ppr-1 and Thai neuro-polyvalent 

antivenom was used for experiments with α-Elapitoxin-NK2a (* indicates that the twitch height of the 

antivenom added preparations is different to the regular washing on and beyond that time point, 

p<0.05 unpaired t-test; error bars: SEM; n=3). 
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TABLES 

Table 1: Half-maximal inhibitory concentrations (IC50) with 95% confidence intervals (CI) and the hill slopes based on the concentration-response 

curves of α-Elapitoxin-Ppr-1, α-scutoxin-1, α-bungarotoxin, α-Elapitoxin-Nk2a, atracurium and rocuronium on human and rat nAChR. 

 

 

 α-Elapitoxin-Ppr-1  α-scutoxin-1  α-bungarotoxin α-Elapitoxin-Nk2a  atracurium  rocuronium 

Species IC50 

(nM) 

95% CI 

of IC50 

Hill 

slope 

IC50 

(nM) 

95% CI  

of IC50 

Hill 

slope 

IC50 

(nM) 

95% CI  

of IC50 

Hill 

slope 

IC50 

(nM) 

95% CI 

of IC50 

Hill 

slope 

IC50 

(nM) 

95% CI 

of IC50 

Hill 

slope 

IC50 

(nM) 

95% CI 

of IC50 

Hill 

slope 

Human 4.5* 3.9-5.4 -1.4 93.3* 75.6- -1.0 3.9 2.8-6.8 -1.2 2.3 1.7-3.1 -1.3 61.9 52.7- -0.92 174.5 149.1- -0.9 
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Significantly different from the other species * p<0.05; extra sum-of-squares F test 

 

 

 

114.8 72.7 204.2 

Rat 0.9 0.7-1.1 -1.0 5.3 4.5-6.3 -1.5 5.4 4.1-7.5 -1.3 2.3 1.9-2.9 -1.3 443* 376.2-

521.6 

-1.01 266.3* 223.5-

317.3 

-0.9 
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Table 2: Maximum venom concentrations recorded in envenomed patients, relative abundance of 

SαNTx, LαNTx and pre-synaptic neurotoxins and the neurological outcome of envenoming of the 

snakes of four major neurotoxic genera. 

Genus Maximum 

venom 

concentrati

on reported 

in humans 

(ng/ml) 

Species Relative 

abundance of 

SαNTx 

% 

Maxim

um 

SαNTx 

concent

ration 

expecte

d in 

blood 

(nM) 

Relative 

abundance of 

LαNTx 

% 

Maximum LαNTx 

concentration 

expected in blood 

(nM) 

Relativ

e 

abunda

nce of 

pre-

synapti

c 

neurot

oxins / 

basic 

PLA2s(

%) 

Paralysis 

commonly 

reported in 

envenomings 

Bungarus 52.2
2
 B. fasciatus45

 

(Malaysia) 

3.4 0.273 1.33 0.092 Not 

specifi

ed 

Data deficient 

B. candidus45
 

(Malaysia) 

- - 14.51 1.009 Not 

specifi

ed 

Yes (in Viet 

Nam
46

 

 and 

Thailand
47

) 

B.multicinctu

s48
 (Vietnam) 

Not stated - 19.9 1.385 41 Yes
49

 

B. caeruleus50 

(Sri Lanka) 

- - - - 8.25 Yes
2
 

Naja 3168
51

 N. naja 52
 

(Sri Lanka) 

1.47 7.16 4.73 19.97 None Yes
5
 

N. kaouthia 18
 

(Thailand) 

7.7 37.5 33.1 139.8 None Yes
53

 

N. atra54
 

(Taiwan) 

5-35 170.5 <3 9.5 None No 
31

 

N. sputatrix 
55

  

(Java) 

7.89                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       38.45 0.49 2.06 None The only case 

report 

available 

describes 

severe local 

effects 

without 

paralysis.
56

  

N. nigricollis 
19

 

(Nigeria) 

0.4 1.94 - - None No
34,57

 

N.katinensis 
19 

(Burkina-

4.4 21.44 - - None No
34
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Faso) 

N.pallida 19 

(Kenya) 

2.8 13.64 - - None No
34

 

N. nubiae 19 

(North 

Africa) 

12.6 61.41 - - None No
34

 

N.mossambic

a 19 

(Tanzania) 

1.6 7.79 - - None No
34

 

Oxyuranus 3212 
58

 O.scutellatus 
59

 

(Australia) 

1.5 7.41 - - 20 Yes
58

 

O.scutellatus 
59

 

(Papua New-

Guinea) 

2.8 13.82 1.4 6.0 56 Yes
60

 

Notechis 152 
61

 N. scutatus 62 

(Australia) 

1.7 0.39 4.0 0.81 32.4 Yes
61
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CHAPTER SEVEN: GENERAL 

DISCUSSION AND FUTURE 
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This thesis explored the neuromuscular dysfunction in snake envenoming in humans and the role of 

antivenom as a treatment, using a multi-pronged approach that included clinical, 

neurophysiological, pharmacological studies and reviews. The literature review highlights the 

absence of good evidence to support the use of antivenom in the treatment of neuromuscular 

paralysis in snake envenoming. The clinical and neurophysiological studies suggested that pre-

synaptic neuromuscular paralysis has a rapid progression and slow recovery, and highlighted the 

inability of early antivenom to prevent or reverse the paralysis despite antivenom efficaciously 

clearing the circulating venom promptly. The pharmacological studies suggested that snake short-

chain α-neurotoxins are unlikely to cause paralysis in humans whereas paralysis in humans may 

occur if the snake can inject large amounts of venom containing long-chain α-neurotoxins in high 

relative abundance.  

The critical review in Chapter two followed a systematic search strategy for publications in 

MEDLINE and EMBASE, similar to a systematic review (Silva, Hodgson and Isbister, 2017). The 

search yielded no high-quality evidence from randomized controlled trials for antivenom as a 

treatment for paralysis in snake envenoming. Our search was limited to two databases and the study 

was not designed as a systematic review according to PRISMA guidelines. Therefore, a Cochrane 

systematic review is currently underway to exclusively searching for randomized controlled trials 

(Appendix 1) across a wide range of databases and the protocol has already been published (Silva et 

al., 2017). A lack of high quality clinical evidence to support the use of antivenom in treating 

venom-induced consumption coagulopathy has been recently published (Maduwage et al., 2015). 

Due to ethical concerns, randomized controlled trials are likely to be impossible to conduct in the 

future given that antivenom has been accepted as the standard treatment for snake envenoming 

globally. Therefore, observational studies with better snake authentication, serial measures of 

venom concentrations, serial objective clinical parameters and serial sensitive biomarkers are 

important in understanding the role of antivenom in treating snake envenoming (Silva, Maduwage, 

Sedgwick, Pilapitiya, Weerawansa, Dahanayaka, et al., 2016; Silva, Maduwage, Sedgwick, 
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Pilapitiya, Weerawansa, Dahanayake, et al., 2016). 

The search yielded few observational studies that provide evidence for the effectiveness of 

antivenom therapy for neuromuscular dysfunction in snake envenoming. A recent study on Taipan 

envenoming showed that early antivenom therapy can reduce the incidence and severity of paralysis 

which is predominantly due to pre-synaptic neurotoxicity (Johnston et al., 2017).  In contrast, the 

two clinical studies included in Chapter three showed that antivenom is unable to prevent the 

occurrence or to reverse the course of already initiated predominantly pre-synaptic neuromuscular 

dysfunction, despite rapidly clearing circulating venom (Silva et al., 2016a; 2016b). This indicates 

that by the time the patients receive antivenom, pre-synaptic toxins have initiated their damage at a 

significant number of motor nerve terminals which then cannot be reversed (Dixon and Harris, 

1999; Prasarnpun, Walsh and Harris, 2004; Prasarnpun et al., 2005). Identification of the pre-

synaptic neurotoxin, U1-viperitoxin-Dr1a as the major neurotoxin in Sri Lankan Russell’s viper 

venom further supported the previous observations on the role of pre-synaptic neurotoxins in 

treatment resistant paralysis. However, it is unclear about the ‘window period’ during which 

antivenom can be effective in preventing pre-synaptic neurotoxicity, and it could be affected by 

various factors such as the degree of envenoming and the pharmacological characteristics of the 

individual pre-synaptic toxins. Further clinical and pharmacological studies are required to identify 

the beneficial period of antivenom therapy in pre-synaptic neurotoxicity in snake envenoming. 

However, the study included in Chapter six experimentally showed the ability of antivenoms to 

reverse neuromuscular dysfunction due to both long- and short-chain neurotoxins. This indicates 

that antivenom therapy could be ‘never too late’ for post-synaptic type neuromuscular paralysis, 

provided that the antivenom molecules can reach the neuromuscular junctions effectively.  

The high significance of snake α-neurotoxins in potentiating prey specific toxicity has previously 

been recognized (Jackson et al., 2013). Therefore, it is likely that α-neurotoxins of venoms from 

snake species also show differential potency on nAChR of different animal tissues such as rodent, 
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avian and amphibian, which are prey species of different snake species. Although this does not 

necessarily limit the usefulness of the above animal tissues as pharmacological models in 

investigating neurotoxins and neurotoxic venoms, projecting the results from such models directly 

to envenoming in humans may be misleading. The standard measure of antivenom efficacy is the 

median effective dose (ED50), which is calculated based on the lethality of venoms in rodents 

(World Health Organisation, 2010). The study included in Chapter six demonstrated that human 

nAChR are more resistant to snake short-chain α-neurotoxins compared to rat nAChR. Many snake 

venoms contain short-chain α-neurotoxins (Barber, Isbister and Hodgson, 2013), and during 

lethality tests, rodents can die due to toxins that are clinically less relevant to humans. A recent 

study demonstrated that rodent plasma is highly resistant to the clinically relevant snake 

procoagulant toxins, compared to human plasma (Maduwage et al., 2016). Collectively, this 

challenges the validity of the currently established rodent lethality based assays such as LD50 and 

ED50 in the study of envenoming in humans, and emphasizes the need for clinically focussed in-

vitro antivenom efficacy tests to replace the lethality tests (Maduwage et al., 2016).  

The study included in Chapter four demonstrated that the rate of indirect twitch inhibition in rat and 

chicken tissues by U1-viperitoxin-Dr1a is similar. The lack of a straightforward in-vitro human 

neuromuscular model to examine snake pre-synaptic neurotoxins has led to the need to directly 

project information obtained from in-vitro rodent, avian and amphibian nerve-muscle preparations 

to neurotoxic envenoming in humans (Hodgson and Wickramaratna, 2002; Prasarnpun et al., 2005). 

Unlike α-neurotoxins, the comparative susceptibility of different animal tissues to snake venom pre-

synaptic neurotoxins has not previously been studied in detail. Therefore, testing the susceptibility 

of different animal tissues to different snake pre-synaptic neurotoxins would be an important future 

direction in understanding the validity of nerve-muscle preparations as pharmacological models for 

neuromuscular dysfunction caused by snake pre-synaptic neurotoxins in humans.  

In the study included in Chapter five, the remarkable ability of the commercially used antivenoms 
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from Asia and Australasia to cross neutralize a range of pre- and post-synaptic neurotoxins and 

venoms from the two regions was observed (Silva, Hodgson and Isbister, 2016). These 

observations, together with some previous reports (Kornhauser et al., 2013; Leong et al., 2014, 

2015) clearly indicate the potential for the development of universal or regional specific antivenoms 

for neurotoxic envenoming. This development would require the careful identification of a few 

neurotoxins from pre- and post-synaptic neurotoxin groups, which are antigenically representative 

of a wide range of snake neurotoxins from their groups to be included in the immunization mixture.  

The assessment of neuromuscular dysfunction in snake envenomed patients relies heavily on 

clinical examination, hence may be less objective. The two clinical studies included in Chapter 

three used sfEMG for the first time as a biomarker to study the evolution and resolution of 

neuromuscular dysfunction in snake envenoming (Silva et al., 2016; 2016b). The severity of the 

sfEMG abnormalities correlated well with the clinical severity of paralysis and the test detected the 

subclinical neuromuscular dysfunction before paralysis became clinically detectable. Therefore, 

sfEMG is a promising research tool that can be used in further investigation of neuromuscular 

paralysis in snake envenoming. However, the technique is expensive and demands time and a high 

level of operator skills, hence is unlikely to be used as a diagnostic test for neuromuscular paralysis 

in snake envenoming, even in high resource settings. 
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