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ADDENDUM

Page 3, Table 1.1: Since certain snakes from the Colubridae family such as Boiga irregularis have been shown
to cause significant clinical neurotoxicity (Fritts et al., 1990, Am. J. Trop. Med. Hyg., 42, 607-611) the common
name should read "Colubrid snakes" and not "Harmless snakes".

Page 11, paragraph 1, line 4 and elsewhere (page 17, 18 & 19): Substitute "Wilster et al., unpublished" with
"WOster, W., pers. comm., 2003".

Page 23, line 2: Substitute "NaicT with "Naja".

Page 26, first sentence: Add reference "(Tan & Ponnudurai, 1990)".

Page 26, end of last line: Delete "pancreatic loop" and add "loop similar to PLA2s from mammalian pancreatic
juices".

Page 29, paragraph 2, line 9: Add reference "(Schmidt & Middlebrook, 1989)".

SCHMIDT, J.J. & MIDDLEBROOK, J.L. (1989). Purification, sequencing and characterization of pseudexin
phospholipases A2 from Pseudechis porphyriacus (Australian red-bellied black snake). Toxicon, 27, 805-
818.

Page 31, paragraph 2, line 1: Add "snake" before "a-neurotoxin".

Page 33, paragraph 1, line 1: Add "snake" before "P-neurotoxin".

Page 46, third last line: Delete "in" before "in vivo".

Page 48, line 3, substitute "immunised" with "hyper-immunised".

Page 49, add at start of paragraph 2: "Anticholinesterase therapy work by inhibiting acetylcholinesterase and
thereby increasing the availability of acetylcholine in the neuromuscular junction."

Page 63, Lalloo et al. (1994) reference: Delete (Papuanus) and add (papuanus).

Page 65, Loveridge (1948) reference: Abbreviate journal name as "Bull. Mus. Comp. Zool".

Page 81, Table 1: Delete "rug 6657" from the table.

Page 96, section 2: Should read "...blocked contractile responses to exogenous nicotinic agonist?, but not to
exogenous KC1,...".

Page 111, paragraph 2, line 3: While it is unusual to have unbonded haif-cysteines in snake toxins it is not the
case with death adder venoms. As stated in the General Introduction, such a toxin (i.e. Toxin Aa c) has been
previously isolated from Acanthophis antarcticus venom (Kim & Tamiya, 1981a).

Page 124, line 1: Should read "Discrete concentration-response curves to (±)-epibatidine were repeatable in the
guinea-pig isolated ileum after an incubation period ...".

Page 136, paragraph \, last line: Should read "While this phenomenon requires further investigation, this study
has shown for the first time that a short-chain neurotoxin (only about 1 kD smaller than ot-bungarotoxin) is
capable of fully inhibiting specific [3H]-MLA binding in hippocampus homogenate, albeit at concentrations
greater than 10"4M."

Page 139, Blanchard et al., (1979) reference: Delete "[125I]-alpha-bungarotoxin" and add "[t25I]-alpha-
bungarotoxin".

Page 182, Lalloo et al. (1996) reference: Substitute "QJM" with " 0 . J. Med.".
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Summary

SUMMARY

The current study examined venoms from Acanthophis hawkei, A. praelongus, A.

pyrrhus, A. rugosus, A. sp. Seram, A. wellsi and four geographic variants of A. antarcticus

(New South Wales (NSW); Queensland (Qld); South Australia (SA); Western Australia

(WA)) for both in vitro neurotoxicity and myotoxicity. In addition, the efficacy of CSL

death adder antivenom against the in vitro neurotoxicity and myotoxicity of these venoms

was studied. The first ever myotoxin from a death adder venom, and two neurotoxins from

A. rugosus and A. sp. Seram venoms were isolated and characterised.

Clinically, the most important symptoms of death adder envenomations are those

relating to neurotoxicity. Therefore, the venoms were examined for in vitro neurotoxicity

using the chick biventer cervicis nerve-muscle preparation. All venoms (0.3 - 10 j.ig/ml)

caused concentration-dependent inhibition of nerve-mediated twitches, and blocked

contractiie responses to exogenous acetylcholine and carbachol, suggesting posioynaptic

neurotoxicity. CSL death adder antivenom, which has been raised against A. antarcticus

venom, remains the principal therapy for death adder envenomation. Hence, the efficacy of

CSL death adder antivenom against the in vitro neurotoxicity of death adder venoms was

examined. Antivenom (1 unit/ml) inhibited the neurotoxicity produced by A. hawkei, A.

praelongus and A. pyrrhus venoms (10 p.g/ml), but was markedly less effective against^.

antarcticus (NSW; SA; WA), A. rugosus and A. sp. Seram venoms (10 ug/ml). However, a

higher concentration of antivenom (5 units/ml) was effective against all venoms tested.

The anticholinesterase neostigmine (10 jiM) caused a transient recovery of death adder

venom (3 ug/ml) induced neurotoxicity. However, neostigmine had no significant effect on

the overall neurotoxicity of any death adder venom as determined by the t% values (i.e.

time taken to cause 90% inhibition of nerve-mediated twitches).
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Summary

Following the studies on whole venoms, two neurotoxins (i.e. acantoxin IVa, MW

6815; and acantoxin Va, MW 7991), were isolated from A. sp. Seram and A. rugosus death

adder venoms, respectively. Acantoxin IVa and acantoxin Va caused pseudo-irreversible

antagonism at skeletal muscle nicotinic acetylcholine receptors (nAChR). Although

acantoxin IVa has a similar potency to a-bungarotoxin for skeletal muscle nAChR it is

about 25,000 times less potent at a7-type nAChR. While acantoxin Va was several fold

less potent than acantoxin IVa at skeletal muscle nAChR, it was about 350 fold more

potent than acantoxin IVa at a7-type neuronal nAChR. In contrast to long-chain

neurotoxins, the short-chain neurotoxin acantoxin IVa completely inhibited specific [3H]-

methyllycaconitine binding in rat hippocampus homogenate.. Neither acantoxin IVa nor

acantoxin Va displayed activity at a4p2 subtype neuronal nAChR or cytisine-resistant

[3H]-epibatidine binding sites.

Based on earlier studies on A. antarcticus venom it was thought that death adder

venoms were devoid of myotoxic activity. However, guided by LC-MS profiles the first

myotoxic PLA2 component from death adder venom was isolated. Acanmyotoxin-1 (MW

13811), isolated from A. rugosus venom, caused dose-dependent myotoxicity in the chick

biventer preparation. Antivenom studies showed that CSL death adder antivenom (5

units/ml) was effective in neutralising the myotoxic activity of acanmyotoxin-1 (1 jaM). It

was found that PLA2 activity is essential for the myotoxic activity of acanmyotoxin-1.

Following the isolation of acanmyotoxin-1, all death adder whole venoms (10 -50 ng/ml)

were examined for in vitro myotoxicity. Studies showed that A. sp. Seram, A. praelongus,

A. rugosus and A. wellsi venoms were myotoxic, while A. antarcticus (NSW; Qld; SA;

WA), A. hawkei and A pyrrhus venoms were devoid of myotoxic activity. CSL death

adder antivenom (5 units/ml) was effective in neutralising the activity of those myotoxic

death adder venoms.



Summary

It is anticipated that the neurotoxicity and myotoxicity studies on death adder

venoms will be of potential clinical relevance and that the isolated neurotoxins will be of

use in studying neuronal nicotinic acetylcholine receptors.
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General Introduction



General Introduction

Snakes

The first snakes probably appeared during the Cretaceous age, which dates back 100 -

120 million years. Although their fossil record is poor it is now accepted that snakes arose

from lizards (Goin & Goin, 1971; Parker & Grandison, 1977). The earliest fossils

recognisable as belonging to a snake are those of Lapparentophis defrenne in the Sahara

from the Lower Cretaceous age (Parker & Grandison, 1977). Today, there are

approximately 3200 species of snake? belonging to 11 - 15 major families (Table 1.1)

forming the suborder Serpentes of the order Squamata (Harris, 1991; Hider et al, 1991;

Shine, 1998). Of the 15 recognised families, 8 are found in Australia. These are

Typhlopidae, Madtsoiidae, Pythonidae, Acrochordidae, Laticaudidae, Hydrophiidae,

Elapidae and Colubridae (Shine, 1998). Even at the level of families the systematic

classification of snakes is unclear (Cogger, 2000).

Snakes nave undergone extensive adaptation to occupy most of the major habitat

(Goin & Goin, 1971). Some have adapted to burrowing, while others have taken to the

trees, and one (or two) family has become entirely marine. The abundant diversity of

snakes is further reflected by their size, ranging from the smallest of species of 100 mm in

length to the Anacondas and Reticulated Pythons that may grow to more than 9 m.

However, there are some characteristic features that are found common to most members

of the suborder Serpentes.

The most obvious features of snakes are the elongated flexible body and the absence,

or apparent absence, of limbs. Although all snakes have no traces of forelimbs a few

families of snakes, especially boas and pythons, have evolutionary vestiges of hind limbs

(Shine, 1998; Conn & Tickle, 1999). These appear externally as small horn-sheathed claws
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(Parker & Grandison, 1977). However, no snakes have any trace of a shoulder girdle or of a

breast bone (Parker & Grandison, 1977; Shine, 1998).

Table I.I Major Snake Families*

Scientific Name

Typhlopidae

Leptotyphlopidae

Anomalepidae

Uropeltidae

Aniiiidae

Madtsoiidae

Pythonidae

Boidae

Xenopeltidae

Acrochordidae

Viperidae

Laticaudidae

Hydrophiidae

Elapidae

Colubridae

Common Name

Blindsnakes

Blindsnakes

Blindsnakes

Shield-tailed snakes

Pipe snakes

Madtsoiids

Pythons

Boas

Sunbeam snakes

Filesnakes

Vipers

Sea kraits

Viviparous seasnakes

Elapids

Harmless snakes

Adapted from Shine (1998).

Elongation of the body has meant modification and reorganisation of the internal

organs to fit the long narrow body. Most of the major internal organs, such as lungs,
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kidneys, liver and sex organs are themselves elongated, and paired organs lie in a staggered

arrangement (Parker & Grandison, 1977; Shine, 1998). The right kidney lies farther

forward towards the head than the left, with the testes and ovaries also staggered in a

similar manner. In most snakes, the left King is considerably smaller than the right or

entirely absent (Parker & Grandison, 1977). However, this is compensated by the increased

capacity of the remaining lung. In some sea snakes the lung extends back to the vent and, in

addition, acts as a hydrostatic organ. Given that the urinary bladder has completely

disappeared through evolution, all snakes excrete nitrogenous waste in a semi-solid form

(Parker & Grandison, 1977). Although hard to imagine, all the basic systems found in other

vertebrates are present inside snakes. However, they are modified and reorganised to a such

an extent that recognition is difficult (Shine, 1998).

Venomous Snakes

It is thought that the evolution of venomous snakes occurred more recently, possibly

around 30 million years ago in the Miocene age. There are approximately 1300 species of

venomous snakes found in 3 to 6 families (Parker & Grandison, 1977; Harris, 1991),

although classification of these families is unclear. However, most authorities do accept

Colubridae, Elapidae and Viperidae as valid venomous families. In the past Hydrophiinae

and Laticaudinae have been considered as subfamilies of Elapidae (Parker & Grandison,

1977). More recently, authors have considered these as separate families, named

Hydrophiidae and Laticaudidae (Shine, 1998).
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Cotubridae

Colubridae is the largest dominant family of snakes and members are found in all

parts of the world except the coldest regions (Savitzky, 1980). However, they do not enjoy

such status in Australia being confined to the northern and eastern regions (Shine, 1998).

Most colubrids are harmless but a few possessing grooved fangs are venomous (White,

1998b). In these species the fangs are mounted at the rear of the upper jaw, hence they are

referred to as opisthoglyphous (Cogger, 2000). Given the position of the fangs, most

venomous colubrids do not pose a danger to humans. The brown tree snake {Boiga

irregularis) is the only Australian venomous colubrid (White, 1998b). Although aggressive

at times the bite is not known to be fatal or dangerous to adult humans. This is thought to

be due to an inability of the snake to inflict a serious bite and deliver high quantities of

venom (Weinstein et al., 1991; White, 1998b). However, this venom has recently been

shown to cause neurotoxicity in in vitro studies (Lumsden et al., 2003). In South Africa,

Boomslang {Dispholidus typus) tree snakes are notorious for causing dangerous bites

(Harris, 1991). In these snakes the fangs are located further forward compared to those of

other colubrids.

Elapidae

Species belonging to the Elapidae family are found in Asia, Africa, America and

Australia, and include cobras, mambas, kraits and taipans. Almost all venomous terrestrial

snakes in Australia belong to the Elapidae family (Sutherland, 1994; White, 1998b).

Australian elapids are thought to be closely related to the viviparous sea snakes (Cogger,

2000). Hence, suggestions have been made to include these elapids under Hydrophiidae.

However, for the moment they are treated as belonging to the Elapidae family (Cogger,
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2000). Australian elapids are thought to be the world's most venomous snakes (I.e. based

on murine LD50 values), with nine of the top ten living exclusively on this c mtinent (Broad

et al, 1979; Lalloo et al, 1995a). Elapids probably arrived in Australia from Asia 15-20

million years ago (Shine, 1998). They typically have a small head with short to medium

sized ( 3 - 5 mm) fixed fangs at the front of the upper jaw (Fairley, 1929a,b). Due to this

fang arrangement these snakes are referred to as proteroglyphous (Cogger, 2000). In

elapids the fang consists of an enclosed venom canal as opposed to an open groove as in

vipers (Parker & Grandison, 1977). With this effective biting mec.'ianism, combined with a

highly lethal venom, it is of no wonder that these snakes command a reputation for being

highly dangerous.

Hydrophiidae and Laticaudidae

The families Hydrophiidae and Laticaudidae contain the sea snakes. Although most

sea snakes are found in coastal waters of warmer regions, some species are distributed

throughout the Indian and Pacific oceans (Shine, 1998). However, low temperatures and

high salinity restrict migration by these snakes to other waters. Hydrcphiidae include all

viviparous sea snakes, while Laticaudidae include those sea snakes that return to land to lay

eggs (oviparous). Therefore, it is thought that Laticaudidae is the more primitive group of

sea snakes, also more specifically called sea kraits (Parker & Grandison, 1977). The

majority of sea snake species belong to the Hydrophiidae family (Heatwole, 1999). As

discussed previously, sea snakes are closely related to the elapids. Like the elapids, sea

snakes are proteroglyphous and have highly lethal venoms. However, they have adapted to

the aquatic life through some evolutionary modifications. The nostrils are equipped with a

closing mechanism and the tail is paddle-shaped to enhance movement (Parker &
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Grandison, 1977). All sea snakes have developed a salt gland beneath the tongue to excrete

excess salt (Greene, 1997).

Viperidae

Old World vipers (Viperinae) and pit-vipers (Crotalinae) belong to the Viperidae

family. Vipers are well represented in Africa, Europe, Asia, North America and South

America (Harris, 1991). Since vipers are absent in Australia it has been suggested that this

group may have evolved later than the Elapidae family - the dominant group in Australia

(Parker & Grandison, 1977). Vipers in general tend to be built heavier than elapids and are

generally sluggish in movement (Shine, 1980). Unlike elapids, vipers tend to have large

flattened triangular heads. They alsc posses the most effective biting apparatus with long

fangs that can move forwards and upwards of the maxillary bone to strike the prey at a

perpendicular angle (Fairley, 1929a). This allows deeper penetration and greater venom

deposition. The classification of snakes into Crotalinae as opposed to Viperinae, is based

on the presence of infrared-sensing pits (Greene, 1997). These are located on each side of

the head between the nostril and the eye (Parker & Grandison, 1977). These pits allow

some pit-vipers to detect temperature differences of 1 to 2 °C from a distance of 1 to 2 feet

(Harris, 1991). The value of heat-sensing organs for detecting warm-blooded prey and

possible predators at night is quite apparent. This venomous family includes the well-

known Western diamond-backed rattlesnake (Crotalus atrox), Malaysian pit-viper

{Calloselasma rhodostoma) and Russell's viper (Daboia russellii).
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Acanthophis Genus

Also called death adders, Acanthophis spp. were first described by Shaw in 1794

(Storr, 1981). 'Acantliophis' means spiny snake, perhaps referring to the spiky tail or the

ridged scales (Sutherland & Tibballs, 2001). Early settlers called these snakes "death"

adders due to their hideous aspect and their deadly bite (Campbell, 1966). Although it is an

elapid, the death adder is unique in having a viper-like appearance and behaviour (Shine,

1980). In fact, the death adder was once wrongly classified as the only viperid in Australia

(McCoy, 1885 cited in Shine, 1980). Although having doubts, Krefft (1869) correctly

classified this snake as an elapid. The death adder has a broad, almost triangular head, a

thin neck and a short, stout body that terminates abruptly to a thin, short tail (Campbell,

1966; Cogger, 2000). Death adders have 19-23 mid-body scale rows, 110 - 170 ventrals,

a single anal and 35 - 65 subcaudal scales (Hoser, 1995; Cogger, 2000). These scale?, may

be somewhat keeled and, unlike any other Australian elapid, death adders have a series of

subocular scales under the eyes (Cogger, 2000). The eyes are small with the pupil of each

being a vertical ellipse. Although a thorough study has not been undertaken, A. antarcticus

and A. hcrwkei are considered to be the largest of the death adders growing to a maximum

length of 1.1 - 1.2 m (Covacevich, 1981; Hoser, 2002). In contrast, A. pyrrhus is among

the smallest of the species being less than 0.75 m in length (Gow & Swanson, 1977; White,

1998a). While death adders are comparatively smaller in length than other Australian

elapids, they tend to be heavy bodied like the vinerids (Shine, 1980). The colour of death

adders vary from one habitat to another and even within the same locality (Hoser, 1985;

johnston, 1996). They may be light brown to a reddish brown, or even black (Campbell,

1966). Their unique tail tip is usually a distinctive cream, white or yellow colour. The

8
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cryptic colour pattern of these snakes is most brilliant in young specimens but fades with

age.

f
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Classification and Distribution

Taxonomically, it is a substantial problem identifying species within the genus

Acanthophis due to the high degree of species variability (Hoser, 1998; Aplin & Donnellan,

1999). The identifying characteristics such as colour, number and texture of scales, used in

separating species are shared to varying degrees by multiple species (Hoser, 1998).

However, between different populations there remains considerable morphological

differences, and until recently these were classified under very few species (Wiister et a!.,

1999).

Four species were described prior to the 20th century and three of these are widely

accepted as valid species (Cogger, 2000). They are Acanthophis antarcticus described by

Shaw in 1794, Acanthophis praelongus by Ramsay in 1877 and Acanthophis pyrrhus by

Boulenger (1898, cited in Storr, 1981). While Acanthophis laevis was described by

Macleay (1877, cited in Hoser, 1998) it is not recognised by some taxonomists as a valid

species (Cogger, 2000). Other Acanthophis species and subspecies described are;

Acanthophis antarcticus schistos (Wells & Wellington, 1985)

Acanthophis barnctti (Hoser, 1998)

Acanthophis crotalusei (iToser, 1998)

Acanthophis cummingi (Hoser, 1998)

Acanthophis hawkei (Wells & Wellington, 1985)

Acanthophis lancasteri bottomi (Hoser, 1998)

Acanthophis lancasteri lancasteri (Wells & Wellington, 1985)
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Acanthophis pyrrhus armstrongi (Wells & Wellington, 1985)

Acanthophis rugosus (Loveridge, 1948)

Acanthophis wellsei (Hoser, 1998)

Acanthophis woolfi (Hoser, 1998)

Although descriptions of these species are found in Zoological and Herpetological

publications there remains considerable debate on their validity (Wuster et al, 1999). This

is especially the case with the recent descriptions by Hoser (1998). Many respected

taxonomists have strongly disputed Hoser's descriptions and naming of these species

(Aplin & Donnellan, 1999; Wuster et al, 1999). More recently, Hoser (2002) described the

populations of death adders found in Seram, Tanimbar and Kei Islands as A. groenveldi, A.

macgregori and A. yuwoni, respectively. Hoser also classified the A. antarcticus population

from South Australia as a new subspecies of A. antarcticus, namely A. antarcticus

clijfrosswellingtoni (Hoser, 2002). In the same publication, an A. wellsei subspecies, A.

wellsei donnellani, was described. However, given that these descriptions are presented in

a relatively unknown amateur publication it is unlikely that these species names will be

accepted by mainstream taxonomists (Aplin, 1999). Hoser (2002) himself acknowledges

that many of his previous descriptions (Hoser, 1998), except for A. wellsei, are not

accepted by many taxonomists and relevant governmental departments in Australia.

Although an unfortunate situation, srch problematic zoological nonr'nclature is part and

parcel of venom research. In future, it is possible that some of these names might change as

our understanding of the systematics of the Acanthophis genus increases (Wuster et al,

1999).

As A. wellsei was inadequately described by Hoser (1998), it has been re-examined

more thoroughly by Aplin and Donnellan (1999). They confirmed this death adder to be a

10
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valid species and it is now named more appropriately as A. wellsi (Aplin & Donnellan,

1999). Mort. recently, based on phylogenetic analysis of mitochondrial DNA sequences, A.

rugosus, A. hawkei, A. wellsi, A. laevis, and the population of death adders on the island of

Seram have been shown to be distinct species (Wiister et al., unpublished). Although Hoser

(2002) named the Seram death adders as A. groenveldi, based on specimens nearly 100

years old, other taxonomists have strongly advised against the use of tills name (Wuster,

W., pers. comm., 2003). Therefore, for the current work, it will be treated as an unnamed

species, namely A. sp. Seram. For the purpose of this thesis the following species of death

adders were of interest: A. antarcticus, A. hawkei, A. praelongus, A, pyrrhus, A. rugosus, A.

wellsi and A. sp. Seram. These snakes were chosen since it was possible to obtain a

sufficient quantity of their venom from commercial or collaborative sources to complete

the vast majority of the experiments. As suggested by highly regarded taxonomists (Aplin

& Donnellan, 1999; Wuster et al, 1999), the species names documented by Hoser were not

utilised whenever possible.

A. antarcticus (Fig. 1.1a), also called the common death adder, is found in Western

Australia, South Australia, along the east coast of New South Wales and much of inland

Queensland (Fig. Lib). A. praelongus (Fig. 1.2a), commonly called the northern death

adder, is found in the Cape York region of Queensland and adjacent areas (Fig. 1.2b). A.

pyrrhus (Fig. 1.3a) inhabits arid regions of central Australia and Western Australia (Fig.

1.3b), giving rise to its common name, the desert death adder (Sutherland, 1988). A. wellsi

(Fig. 1.4a) is distributed in the Pilbarra region of Western Australia (Fig. 1.4b; Aplin &

Donnellan, 1999). This gives rise to its common name, the Pilbarra death adder. Similarly,

the Barkly Tableland death adder (A. hawkei; Fig. 1.5a) is found on the black-soil plains of

the Barkly Tableland region of the Northern Territory (Fig. 1.5b)(WelIs & Wellington,

1985). A. rugosus (Fig. 1.6a) is found in the Merauke region of Irian Jaya (Fig. 1.6b) hence

11
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it is commonly called the Irian Jayan death adder. A. sp. Seram (Fig. 1.7a) death adder is

found on the island of Seram, Indonesia (Fig. 1.7b).

Diet and Habits

Death adders are usually active only at night. During daylight they use their broad

head to burrow beneath sand, gravel or leaves, and lie partially buried. Only part of the

snakes back and the tail may be visible offering excellent camouflage for both protection

and ambush (Campbell, 1966). Death adders lure their prey by twitching their worm-like

tail in front of their head (Chiszar et al, 1990). They feed on lizards, birds, frogs, mice and

rats (Shine, 1980). Unlike other elapids, female death adders sexually mature at about 42

months of age. They reproduce in alternate years and give birth to some 12 to 24 live young

at a time (Shine, 1980; Sutherland, 1994).

Generally, death adders are very sluggish in movement and, unlike other Australian

snakes, tend not to escape when approached by people (Campbell, 1966). This behaviour

has given rise to their other name, "deaf adders. It has been observed that death adders do

not strike until touched (Kellaway & Eades, 1929; Campbell, 1966). However, when

provoked they flatten their body and strike with amazing speed, and tend to hang on. In

captivity, death adders tend not to strike at inanimate objects and hence deplete their

venom supply (Sutherland & Tibballs, 2001). However, some species such as A. pyrrhus

have been observed to engage in cannibalism in captivity (Hoser, 1998).

Bit ins Apparatus and Envenomation

The death auder possesses a most effective and unique biting apparatus for an elapid,

with fangs averaging 6.2 mm in length, and to a maximum of 8.3 mm (Fairley, 1929a).

12
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(a)

(b)

I'ig. 1.1 (a) Photo of.-l. ttiuarciicus (common death adder) and (h) a map of Australia

showing its distribution (adapted from Cogger. 2000).
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(a)

(b)

I:ig. 1.3 (a) Photo o\' A. pyrrlnis (desert death adder) and (b) a map of Australia

show ing its distribution (adapted from Cogger. 2000).
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(a)

(b)

Fig. 1.2 (a) Photo of./, praelongus (northern death adder) and (b) a map of Australia

showing its distribution (adapted from Cogger. 2000).
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(a)

(b)

l;ig. 1.4 (a) Photo otA. wellsi (Pilbarra death adder: also called black head death

adder) and (b) a map of Australia showing its distribution (adapted from Aplin &

Donnellan.
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(a)

(I))

1'ig. 1.5 (a) Photo o\' A. lunvkci (liiirkly Tableland death adder) and (b) a map of

Australia showing its disiribution (adapted from Wiister el ni, unpublished).
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(a)

Duncan McRae

(b)

I ig. 1.6 (a) Photo of.-l. rui>o\us (Irian Javan death adder) and (b) a map of Irian Java

(formerly West Papua) showing its distribution (adapted from Wiister ct nL.

unpublished).

18
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(a)

Duncan McRae

(b)

Irian Jayu ;

1 M< I I «M- . ' •

I'ig. 1.7 (a) Photo of.-/, sp. Serum and (b) a map of Scram showing its distribution

adapted from Wiister ct a!., unpublished).
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These fangs can move forwards and upwards of the maxillary bone to strike the prey at a

perpendicular angle. This allows deeper penetration and better venom deposition (Fairley,

1929a). Fairley (1929a) categorically states that the death adder ranks number one among

Australian snakes for efficiency of biting and venom delivery.

Between 1910 and 1926, 195 people died from snake envenomations in Australia

(Tidswell, 1906; Fairley, 1929b). Of the 190 cases of snake envenomations reported by

Tidswell (1906), 10 were caused by death adders. With 5 of these victims dying, Fairley

(1929a) estimated a 50% mortality rate for death adder envenomation. In an excellent

study, 15 cases of death adder envenomations from Papua New Guinea were reported by

Campbell (1966). He found that almost all bites were on the extremities of the victims,

mainly on the foot and ankle. Due to excellent camouflage of the death adder only 1 of the

victims saw the snake before being struck and 5 of them stepped on the snake. Eleven

patients were given antivenom, and all survived (Campbell, 1966).

Presently, deaths due to snake bites are a rare occurrence in Australia. This is due to a

number of factors including the availability of a range of monovalent antivenoms,

increased awareness of correct first-aid procedures, better retrieval services and intensive-

care medicine (White, 1998b). In the case of death adders, habitat destruction has markedly

reduced their presence in populated areas decreasing the probability of a chance encounter

(Covacevich et al, 1998; Reed & Shine, 2002). Despite these changes, between 1981 and

1991 approximately 18 deaths due to snakebites were reported in a study carried out by the

Commonwealth Serum Laboratories (Sutherland, 1992). However, only 1 of these deaths

was due to death adder envenomation. Between the period 1992 to 1994 twelve deaths due

to snake bite were reported with 1 death being due to a death adder bite (Sutherland &

Leonard, 1995). Out of the 6 deaths recorded by the Australian Venom Research Unit in

1998, 1 death occurred in Western Australia due to a death adder bite (Sutherland &
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Tibballs, 2001). Presently, it is estimated that up to 1000 - 3000 snake envenomations

occur in Australia per year (White, 1998a; Currie, 2000). Of these about 100 - 500 cases

require antivenom treatment and on average 2 deaths per year result (White, 1998a).

Unlike in Australia, snake envenomations are still a serious medical problem in Papua New

Guinea with an incidence as high as 526 per 100,000 people in some areas (Currie et al,

1991; Lalloo et al, 1995b). Between March 1990 and June 1992, 335 patients with snake

bites presented to the Port Moresby General Hospital (Lalloo et al, 1995a; Lalloo et al,

1996). Other than Papuan taipans, death adders cause the most number of envenomations

in the Central Province and National Capital District of Papua New Guinea, and are

responsible for approximately 10% (i.e. 32 cases) of envenomed patients admitted to Port

Moresby General Hospital (Lalloo et al, 1994; Lalloo et al, 1995a; Lalloo et al, 1996). Of

the 32 cases, 18 patients had signs of envenoming, and 17 of these patients were affected

by neurotoxicity (Lalloo et al, 1996). Thirteen patients were treated with death adder

antivenom, and 5 patients required intubation and mechanical ventilation. All of the 32

patients survived following treatment.

.R?rly clinical symptoms of envenomation by Acanthophis spp. include headache,

vomiting, drowsiness and abdominal pain. In addition, there may be severe pain in the

lymph nodes which drain the bite site (Campbell, 1966; Lalloo et al, 1996). With paralysis

of bulbar and occular muscles, swallowing becomes difficult and vision becomes blurry

(Fairley, 1929b; Campbell, 1966). Ptosis indicates the earliest sign of the venom acting on

the nervous system (Campbell, 1966). Death occurs through inhibition of respiration due to

paralysis of the voluntary muscles. The neurological symptoms appear between 1 and 13

(median 3.5) hours after the bite (Lalloo et al, 1996). Lalloo et al. (1996) reported that one

patient developed renal failure after delayed presentation, 5 days after the bite. This patient

had an elevated creatinine level of i 790 jamol/1 on admission. Furthermore, two thirds of
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death adder envenomed patients presenting to the Port Moresby General Hospital had

significantly elevated creatine kinase levels (median of 411 IU/1, range of 164 - 4220IU/1).

In some envenomed patients, laboratory studies indicated mild prolongation of

prothrombin and thromboplastin times (Lalloo et al, 1996). In another clinical study, 2 out

of 6 patients envenomed by death adders in Papua New Guinea had electrocardiographic

abnormalities (Lalloo et al, 1997). One patient developed second degree atrioventricular

block (type II) and the other had septal T wave inversion. The patient with the second

degree atrioventricuiar block also had elevated cardiac troponin T, which is thought to be

indicative of myocardial damage.

Whole Venom Studies

A. antarcticus is known for producing large quantities of venom with an average

yield upon milking of 84.7 mg and a maximum of 235.6 mg (Fairley & Splatt, 1929). It is

capable of delivering 41.95 ± 16.13 mg of venom in the first feeding bite (Morrison et al,

1983). Although no studies have been published on venom yields from other death adder

species. Table 1.2 has been compiled from data kindly provided by Mr. Peter Mirtschin

(Venom Supplies Pty. Ltd.). It should be noted that this data was generated for commercial

record keeping purposes and may not be truly indicative of venom yields. Indeed, venom

yields are also affected by the size of the snakes held in captivity (Fairley & Splatt, 1929).

However, from the data available we can observe that A. pyrrkus yields a lot less venom

upon milking compared to A. antarcticus geographic variants or A. praelongus. As

previously mentioned, A. pyrrhus is among the smallest of the death adder species.
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Table 1.2 Death Adder Venom Yield1"

Species Length of Average Maximum
Snakes Venom Yield Venom
(cm) (mg) Yield (mg)

Minimum
Venom

Yield (mg)

A. antarcticus (NSW) 30 - 50

A. antarcticus (Qld) 30 - 50

A. antarcticus (SA) 30-50

A. praelongus 30-50

A.pyrrhus 30-40

38.0

47.3

60.9

35.4

9.4

119.6

265.0

162.5

311.0

21.0

2.4

0.9

6.5

1.4

2.0

* Data from Mr. Peter Mirtschin (Venom Supplies Pty. Ltd.).

Fairley (1929a) found that when tested milligram for milligram on sheep, A.

antarcticus venom was 10 times more potent in causing death than Indian cobra (Naia

tripudians) venom. Taking into account a "certainly lethal dose" of death adder venom of

0.025 mg/'kg (s.c.) for sheep and the average venom yield, Fairley (1929a) estimated that a

single milking would suffice to kill 84 sheep. Kellaway (1929a) studied the certainly lethal

dose of A. antarcticus venom in a number of species (Table 1.3). He found that cats, rats

and mice were more resistant than monkeys, rabbits and guinea-pigs to the venom

(Kellaway, 1929b). Horses and sheep were the most susceptible to the toxicity of venom

(Fairley, 1929b; Kellaway, 1929b). Post mortem findings found that haemorrhages were

present in the lungs of horses, rabbits, guinea-pigs, cats, rats and mice, but not in monkeys.

In addition, the venom was haemolytic in the horse and slightly haemolytic in the rat

(Kellaway, 1929b). Kellaway (1929b) showed that intravenous injections of high

concentrations of A. antarcticus venom (equivalent to 3 - 1000 times the certainly lethal

dose) in rabbits, guinea-pigs and mice failed to produce thrombosi,«5. In in vitro models the
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venom was found to have no coagulant action and only feeble anticoagulant action

(Kellaway, 1929a). Most animals, if not all, died from neurotoxicity causing respiratory

failure. The certainly lethal dose for man was estimated to be between 0.025 mg/kg and

0.15 mg/kg (Kellaway, 1929b). More recently, in a comparative study of ths toxicity of 25

snake venoms, Broad ct al. (1979) ranked A. antarcticus venom as the ninth most potent

venom with a murine LD5o of 0,338 mg/kg (s.c. in 0.1% bovine serum albumin in saline).

Sutherland (1994) considered A. antarcticus to be the fifth most venomous Australian land

snake after taking into account the toxicity and quantity of the venom produced.

,

Table 1.3 Certainly Lethal Dose of A. antarcticus Venom*

Species

Horse

Monkey

Cat

Rabbit

Guinea-pig

Rat

Mouse

Intravenous
(mg/kg)

—

—

—

0.12

0.06

0.2

0.4

Subcutaneous
(mg/kg)

0.04f

0.15f

0.5t

0.15

0.15

0.4

0.7

Adapted from Kellaway (1929a).

* Approximate values.

Kellaway et al. (1932) found the neurotoxic action of A. antarcticus venom to t>e dut

to a peripheral curare-like neuromuscular block. More recently, in vitro studies using the
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chick biventer cervicis nerve-muscle preparation showed that A. antarcticus, A. praelongus

and A. pyrrhus venoms at bath concentrations of 3 - iO ug/ml cause neurotoxicity through

antagonist activity at postsynaptic nicotinic acetylcholine receptors (Wickramaratna &

Hodgson, 2001). The same study ranked the three venoms in terms of neurotoxicity in both

the chick biventer and mouse phrenic nerve-diaphragm preparations as following: A.

antarcticus > A. pyrrhus > A. praelongus. A. antarcticus venom displayed no myotoxic

activity in monkeys and failed to produce myoglobinuria in mice (Mebs & Samejima,

1980; Sutherland et al, 1981). However, in in vitro studies using the chick biventer

cervicis nerve-muscle preparation, A. praelongus venom (30 fxg/ml) initiated a significant

direct contracture of muscle (i.e. rise in baseline) (Wickramaratna & Hodgson, 2001),

which is indicative of myotoxic activity (Harvey et al, 1994). In the same study, neither A

antarcticus nor A. pyrrhus venoms showed any myotoxic activity. Further studies based on

histological analysis are required for definitive proof of the myotoxicity of A. praelongus

venom.

A. antarcticus venom was found to be an incomplete prothrombin activator as Factor

V was required to convert prothrombin to thrombin (Denson, 1969; Marshall & Herrmann,

1983). In a more recent in vitro study, it was found that A. antarcticus, A. praelongus and

A. pyrrhus venoms possess anticoagulant activity (van der Weyden et al., 2000), A.

praelongus venom was found to have potent anticoagulant activity with this venom capable

of prolonging the coagulation of the plasma for twice as long as A. antarcticus venom. Tan

and Ponnudurai (1990) compared the enzymatic activity of A. antarcticus venom with

other Australian elapid venoms. They found that A. antarcticus venom contains very low

protease and phosphodiesterase activity. Although the L-amino acid oxidase activity of A.

antarcticus venom was low compared to Pseudechis aw-iralis (King Bix>wn snake) venom

the acetylcholinesterase activity of A. antarcticus venom was higher (Tan & Ponnudurai,
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1990). High phospholipase A activity was detected in this venom but was comparable to

other Australian elapid venoms. A. nntarciicus venom also had high hyaiuronidase activity

compared to other Australian elapid venoms.

Phospholipase A;

Phospholipases are found in many Australian elapid venoms (Fiy, 1999), These

esterolytic enzymes cleave phospholipids and, depending on the site at which they

hydrolyse ester bonds of 3-sw-phosphoglycerides, are classified as either phospholipase Ai,

A2, C or D (Harris, 1991; Kini, 1997). Phospholipase B is thought to hydrolyse

lysophosphatides (Harris, 1991). Almost all snake venom phospholipases bdong to the

phospholipase A2 (PLA2) class. PLA2 enzymes specifically hydrolyse the sn-2 ester bond of

phosphoglycendes (van Deenen & de Haas, 1963). PLA2S are generally classified as either

intracellular or extracellular forms (Ami & Ward, 1996). Intracellular PLA2S are involved

in membrane homeostasis, phospholipid metabolism and other physiological processes

(Mukherjee et al, 1994; Kini, 1997), Extracellular PLA2S ?,re rich in mammalian

pancreatic juices and snake venoms.

Over 150 extracellular PLA2S have been isolated and sequenced (Danse et al, 1997).

These are further divided into four groups based on their primary structure (Kini, 1997).

However, all members of these groups require Ca2+ as a cofactor for their enzymatic

activity (Scott, 1997). Group I PLA2 enzymes are found in mammalian pancreatic juices,

elapid and sea snake venoms. These enzymes us.ially have 115 - 120 amino acid residues

with 7 disulfide bonds (Kbi, 1997). Group I PLA2 enzymes are further divided into group

IA and group iB. Group IA PLA2 enzymes are from elapid and sea snake venoms, while

group IB PLA2 enzymes contain an additional pancreatic loop. Group II PLA2 enzymes are
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found in viperid and crotalid snake venoms (Heinrikson et al, 1977; Kini, 1997). These

PLA2S contain 120 - 125 amino acid residues and 7 disulfide bonds. While these PLA2S

lack the elapid and pancreatic loops they have an additional C-terminal tail (Heinrikson et

al, 1977). Group II PLA2 enzymes are also further divided into group HA and group IIB.

Group IIA PLA2S contain an aspartate residue at the 49th position of their amino acid

sequence. In contrast, group IIB PLA2S contain Lys-49 instead of Asp-49 (Dhillon et al,

1987; de Sousa et al, 1998). It is thought that the group IIB PLA2s do not bind to Ca2+ as

effectively as Asp-49 containing PLA2S, as Asp-49 is critically involved in Ca2+ binding

(Maraganore et al, 1984; Li et al, 1994). However, the isolation of a group II PLA2

containing a Ser-49 from Echis carinaius sochureki suggests that Asp-49 is not an absolute

requirement for enzymatic activity (Polgar et al, 1996). Group IK PLA2S are found in bee,

Gila monster and Mexican bearded lizard venoms (Scott, 1997). These PLA2S are

glycoproteins containing 130-135 amino acid residues and do not share high identity with

group I or II PLA2S (Kini, 1997). Group IV PLA2S include the conodipine-M from cone

snail (Conus magus) venom (Mclntosh et al, 1995). This PLA2 is made up of two chains,

containing 77 and 42 amino acid residues, respectively (Mclntosh et al, 1995). Although

the PLA2 activity is Ca2+ dependent, conodipine-M does not share high identity in terms of

primary structure with PLA2S from other groups.

Elapid venom PLA2 enzymes can induce many pharmacological activities including

neurotoxicity, myotoxicity, cardiotoxicity, anticoagulant effects, initiation or inhibition of

platelet aggregation, hypotension and haemolytic activity (Kini & Evans, 1989; Gutierrez

& Lomonte, 1995; Kini, 1997). Studies have been done to determine whether the

enzymatic activity correlates with the pharmacological potency. One problem is that the

conditions and assays used to deterrmne the enzymatic activity vary greatly between

laboratories. However, when enzymatic activity of PLA2S was compared with
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pharmacological potency no significant correlation was found (Rosenberg, 1997a).

Although it was generally considered that basic PLA2S were more lethal than acidic or

neutral PLA2S this was found to be untrue when the isoelectric points were compared with

mouse LD50 values (Dhillon et al, 1987; Rosenberg, 1997a). In addition to the enzymatic

activity, it was postulated that PLA2 toxins may bind to specific target proteins to affect

their pharmacological activity (Kini & Evans, 1989). Recently, two receptors were

identified that bind secretory PLA2S such as OSi and OS2 from coastal taipan {Oxyuranus

scutellatus scutellatus) venom (Lambeau et al, 1989; Lambeau et al, 1990; Lambeau et

al, 1991a,b; Lambeau et al, 1994; Lambeau et al, 1995). These were the N-type receptor

in neurons, that bound neurotoxic PLA2S, and the M-type receptor first identified in rabbit

skeletal muscle cells using !25I-labelled OS2 (Lambeau et al, 1989; Lambeau et al,

1991a,b). Studies have also shown that some PLA2S (eg. taipoxin) bind to both receptors

with similar affinity while others (eg. the non-neurotoxic OS)) bind preferentially to the M-

type receptor (Lambeau et al, 1989; Lambeau et al, 1990). Notexin and Naja mossambica

mossambica (CM-III) bind preferentially to the N-type receptor.

Death adders were thought to be unique among elapids in lacking PLA2 components

in their venoms (Fry, 1999). However, several PLA2 components have been isolated from

Acanthophis venoms. Acanthin I and II are PLA2 components isolated from A. antarcticus

venom (Chow et al, 1998). Acanthin I has a PLA2 activity of 51.57 ± 1.30 îmol

phosphatidylcholine hydrolysed/min/mg and acanthin II has a specific activity of 46.85 ±

2.90 nmol/min/mg. Both acanthin I and II are basic with p/s of 10.2 ± 0.1 and 10.4 ± 0.1,

respectively. Acanthin I and II have molecular masses of 12844.6 ± 0.6 and 12895.6 ± 0.5

daltons by mass spectrometry. These components have 118 - 119 arnino acid residues and

7 disulfide bridges (Table 1.4). Pharmacologically, both acanthin I and II are potent

inhibitors of collagen-induced platelet aggregation with IC50 values of 7 nM and 4 nM,
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respectively (Chow et al, 1998). Three additional antiplatelet components were isolated

from A. praelongus venom. Praelongin 2bIII, 2cII and 2cIV have PLA2 activities of 31.4 ±

0.4, 326.1 ± 10.2 and 362.5 ± 12.0 umol/min/mg, respectively (Sim, 1998). The size of

these components is similar to the acanthins with molecular masses of 12782.9 ± 2.6,

12971.4 ± 4.5 and 12971.9 ± 3.6 daltons for praelongin 2bIII, 2cII and 2cIV, respectively.

Praelongin 2bIII, 2cII and 2cIV are also basic components with p/s of 10.3 ± 0.3, 9.4 ± 0.6

and 9.6 ± 0.6, respectively. Interestingly, PLA2 activities of these components did not

correlate with the antiplatelet activity. However, the IC50 values of 0.65, 180 and 55 juM for

the antiplatelet activities of praelongin 2bIII, 2cII and 2cIV, respectively, correlated well

with their respective p/values (Sim, 1998).

Acanthoxin is a 13 kDa component that exists in two isoforms, acanthoxin Al and

A2 (van der Weyden et al, 1997). It is a basic PLA2 with a p/of 8.0 and specific activity of

23.93 ± 1.18 |umol of phospholipid hydrolysed/min/mg. While the full sequence of

acanthoxin Al (Hains et al, 1999; van der Weyden et al, 2001) has been determined, only

a partial sequence of acanthoxin A2 is available (Table 1.4). While acanthoxin Al is

similar in molecular mass and sequence to acanthin II (i.e. 96% identity with acanthoxin

Al) it is thought to be a neurotoxic PLA2 component (van der Weyden et al, 1997; van der

Weyden et al, 2001). While it has high sequence identity to pseudexin A (77%), a

neurotoxic PLA2 component from red-bellied black snake {P. porphyhacus), it has low

toxicity with a LD100 value of 3.2 mg/kg (s.c.) in mice. Apart from lethality studies, no

specific pharmacological studies have been done on acanthoxin Al to confirm its activity

at the neuromuscular junction.

Acanthoxin B and acanthoxin C are two additional PLA2 components isolated from

A. praelongus venom and A. pyrrhus venoms, respectively (van der Weyden et al, 2000).
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Both acanthoxin B and acanthoxin C have lower PLA2 activity than acanthoxin A with

specific activities of 4.0 ± 0.2 and 13.7 ± 0.7 umol of phospholipid hydrolysed/min/mg,

respectively. No functional studies were done on these partially sequenced PLA2

components.

Table 1.4 Amino Acid Sequences of PLA2 Components isolated from

Death Adder Venoms

PLA2

Components
Amino Acid Sequence

Acanthin Ia

Acanthin IIa

Acanthoxin Al

DLFQFGGMIG CANKGARSWL SYVNYGCYCG WGGSGTPVDE LDRCCQIHDN
CYGEAEKKQC GPKMTSYSWK CANDVPVCND SKSACKGFVC DCDAAAAKCF
AKAPYNKNNI GIGSKTRCQ

NLYQFGGMIQ CANKGARSWL SYVNYGCYCG WGGSGTPVDE LDRCCQIHDN
CYGEAEKKRC GPKMTLYSWE CANDVPVCNS KSACEGFVCD CDAAAAKCFA
KAPYNKNNIG IGSKTRCQ

NLYQFGGMIQ CANKGARSWL SYVNYGCYCG WGGSGKPVDE LDRCCQIHDN
CYGEAEKKGC GPKMTLYSWK CANDVPVCNS KSGUEGFVCD CDAAAAKCFA
KAPYNKNNIG IGSKTRCQ

Acanthoxin A2C
 DLFQFGGMIG CANKGARSWL SYVNYGCYCG WG

Acanthoxin Bc DLFQFGFMIQ CANKGSRPVF

Acanthoxin Cd
 NLFQFGGMIG CANKGTRSWL SYVNYGCYCG

Praelongin 2bIIIc

Praelongin 2cIIc

Praelongin 2cIVe

Not determined

Not determined

Not determined

a Chow et al. (1998);b van der Weyden et al. (2001);c van der Weyden et al. (1997);d van

der Weyden et al. (2000);c Sim (1998)
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Neurotoxins

Neurotoxins are extremely important components of snake venom as they are useful

in both the capture of prey and in defence. They cause rapid paralysis of the voluntary

muscles and, hence, inhibit movement and respiration. This ensures effective capture of

prey with the least chance of injury to the snake. Snake neurotoxins act peripherally and do

not pass the blood-brain barrier due to their relatively large size (Tu, 1996). Depending on

the site of action snake neurotoxins are generally classified as either postsyiiaptic or

presynaptic (Fig. 1.8).

Postsvnaptic Neurotoxins

Postsynaptic, or a-neurotoxins, are antagonists of the nicotinic acetylcholine receptor

on the skeletal muscle. They are widely referred to as 'curare-mimetic toxins' due to their

similarity in action to the competitive nicotinic acetylcholine receptor antagonist d-

tubocurarine (Endo & Tamiya, 1991). These neurotoxins bind with high affinity (KD =

10"12 - 10"9 M) and specificity to acetylcholine binding sites on skeletal muscle nicotinic

receptors (Changeux et al, 1970). The skeletal muscle nicotinic receptor is a

heteropentameric protein consisting of five membrane spanning subunits with the

stoichiometry of 2al , 1 pi, ly and 18 (Saez-Briones et al., 1999; Paterson & Nordberg,

2000). The receptor consists of two acetylcholine binding sites located at the interfaces

between the a l and y, and the a l and 5 chains (Pedersen & Cohen, 1990; Saez-Briones et

al, 1999). Given that these binding sites interact in a positively co-operative manner, by

occupying one or both sites snake a-neurotoxins inhibit the opening of the ion channel

associated with the receptor in response to cholinergic agonists (Paterson & Nordberg,
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2000). This blocks nicotinic transmission in skeletal muscle and causes paralysis in

envenomed prey.

Postsynaptic
neurotoxins

Presynaptic
neurotoxins

Na+

Fig. 1.8 Diagram illustrating the sites of action of postsynaptic and presynaptic neurotoxins

at the neuromuscular junction (adapted from Neal, 1994).
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In contrast to P-neurotoxins, a-neurotoxins are found predominately in the venoms

of snakes from the families Elapidae and Hydrophiidae (Endo & Tamiya, 1991). However,

two a-neurotoxins, namely a-AgTx (Jiang et al, 1987) and DNTx I (Shelke et al, 2002),

have been isolated from pit viper Agkistrodon halys (Pallas) and viper Daboia russelli

russelli venoms, respectively. Unlike other a-neurotoxins, DNTx I displays both

postsynaptic neurotoxicity and cytotoxicity (Shelke et al, 2002). A full amino acid

sequence of DNTx I will be useful in determining the relationship of this toxin to other

well known a-neurotoxins from elapid and sea snake venoms. Interestingly, an a-

neurotoxin has recently been isolated and characterised from a colubrid {Coehgnathus

radiatus) venom (Fry et al., in press).

To date, more than 100 postsynaptic neurotoxins have been isolated and sequenced

from elapid and sea snake venoms (Endo & Tamiya, 1991). Depending on their sequence,

postsynaptic neurotoxins are mainly subdivided into short- or long-chain neurotoxins

(Dufton & Harvey, 1989). Short-chain neurotoxins consist of 60 to 62 amino acid residues

and 4 disulfide bridges (Endo & Tamiya, 1991). Long-chain neurotoxins have 66 to 74

amino acid residues and usually 5 disulfide bridges. While the positions of 4 disulfide

bridges are common to both long- and short-chain neurotoxins, the extra disulfide bridge

found in long-chain neurotoxins is generally located between Cys-30 and Cys-34 (Endo &

Tamiya, 1991). Until recently, the major functional difference between the two types of a-

neurotoxins was thought to be in the kinetics of association and dissociation with the

skeletal muscle nicotinic acetylcholine receptor (Tsetlin, 1999). It was shown that short-

chain neurotoxins tend to associate with the receptor about 6 - 7 fold faster and dissociate

5 - 9 fold faster than long-chain neurotoxins (Chicheportiche et al, 1975). However, it has

also been shown that long-chain a-neurotoxins bind to a7 subtype neuronal nicotinic
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acetylcholine receptors with higher affinity than short-chain neurotoxins (Servent et al,

1997). While lacking the extra disulfide bridge, Laticauda colubrina toxin is considered to

be a long-chain neurotoxin based on high sequence homology with other long-chain a-

neurotoxins (Endo & Tamiya, 1991; Servent et al, 1997). However, functionally it behaves

as a short-chain neurotoxin at al subtype neuronal nicotinic acetylcholine receptors

(Servent et al, 1997). Therefore, functional classification of a-neurotoxins requires

pharmacological characterisation of toxins at both skeletal muscle and neuronal nicotinic

acetylcholine receptors.

Based on the amino acid sequence postsynaptic neurotoxins can be classified into a

third class of a-neurotoxins called weak toxins or miscellaneous type (Shafqat et al., 1991;

Utkin et al., 2001). Weak toxins are also called melanoleuca type since these toxins were

first isolated from the Naja melanoleuca venom (Carlsson, 1975). These neurotoxins have

62 to 68 amino acid residues and 5 disulfide bridges (Nirthanan et al, 2002). In contrast to

long-chain neurotoxins, the fifth disulfide bridge is found in loop I of weak toxins (Utkin et

al, 2001). As the name suggests, weak toxins are typically much less toxic than either

short- or long-chain neurotoxins (Nirthanan et al, 2003). While the weak toxin (WTX)

from Naja kaouthia venom was poorly reversible at skeletal muscle nicotinic acetylcholine

receptors candoxin from Bungarus candidus venom was readily reversible at this receptor

(Utkin et al, 2001; Nirthanan et al, 2002). The cc-colubritoxin from Coelognathus

radiatus venom is also a weak toxin that is readily reversible at skeletal muscle nicotinic

receptors (Fry et al, in press). Although they are currently a small class of postsynaptic

neurotoxins many more weak toxins are likely to be isolated from colubrid venoms.

Many of the amino acid residues of erabutoxin a, a short-chain neurotoxin from the

venom of the sea snake Laticauda semifasciata, necessary for high affinity binding to

skeletal muscle nicotinic acetylcholine receptors have been identified. Using site-directed
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mutagenesis, it has been shown that changing any one of Ser-8, Lys-27, Trp-29, Asp-31 or

Arg-33 decreased the binding affinity of the toxin by several fold (Pillet et al, 1993). In

addition to these amino acid residues, Gln-7, Gin-10, Ile-36, Glu-38 and Lys-47 of

erabutoxin a were shown to be important for high affinity binding to the skeletal muscle

nicotinic receptor (Tremeau et al, 1995). Therefore, it seems that specific amino acid

residues from all three loops of erabutoxin a contribute to the "functional site", including

both invariant and variant residues. It has been suggested mat the invariant residues form a

common "functional core", while the variant residues allow for prey specific high affinity

binding (Tremeau et al, 1995; Heatwole, 1999).

Although more than 100 neurotoxins have been isolated and sequenced only a few

have undergone extensive pharmacological characterisation. Many toxins have been

classified as postsynaptic neurotoxins on the basis of their amino acid sequence and/or

observation of flaccid paralysis in mice. While in the past, neurotoxins have been tested in

LD50 studies (tabulated in Mebs & Claus, 1991), these are becoming increasingly difficult

to perform for obvious ethical and regulatory reasons. Other workers have utilised binding

experiments using membrane bound nicotinic acetylcholine receptors from Torpedo

electric organs (Chicheportiche et al, 1975; Gong et al, 1999). While this assay provides

important information on postsynaptic neurotoxin binding, it is not possible to determine

whether the toxin is an agonist or antagonist at the receptor. However, agonist or antagonist

activity can be determined using in vitro neuromuscular preparations. As described in

Hodgson & Wickramaratna (2002; refer appendix), both the mouse phrenic nerve

hemidiaphragm and chick biventer cervicis nerve-muscle preparations have been used

extensively to determine the neurotoxicity of snake venoms (Harvey et al, 1994; Crachi et

al, 1999). The toad rectus abdominis and chick biventer cervicis preparations contain

multiply innervated muscle fibres and, therefore, respond to exogenous nicotinic agonists.
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Despite this, these or other such preparations have not been used to determine the

value of postsynaptic neurotoxins. This is probably due to the widely known fact that the

majority of snake postsynaptic neurotoxins, especially the long-chain neurotoxins, undergo

almost irreversible binding to the skeletal muscle nicotinic receptor (Chicheportiche et al,

1975; Chang, 1979; Lee, 1979). Given the pseudo-irreversible antagonism displayed by

most postsynaptic neurotoxins, Schild plot analysis of concentration response curves to

nicotinic agonists in the presence of these neurotoxins is not possible. However, the

"modified Lew and Angus" method may be used to generate a reliable estimate of the

value in these cases (Lew & Angus, 1995; Christopoulos et al, 1999; Christopoulos et al,

2001).

Previously, five postsynaptic neurotoxins have been isolated from A. antarcticus

venom. Acanthophin a is a short-chain neurotoxin consisting of 8 cysteine residues and 4

disulfide bridges (Sheumack et al, 1979). Although the amino acid sequence has not been

determined, the amino acid composition indicates the presence of 63 amino acid residues.

The molecular mass of acanthophin a was estimated to be 7700 ± 400 daltons by gel

permeation chromatography. The minimum molecular mass wa calculated to be 7155

daltons based on the amino acid composition of acanthophin a (Sheumack et al, 1979).

This toxin has an approximate LDso of 0.16 mg/kg (/./?.) in mice, and blocked postsynaptic

nicotinic receptors in the interdigital muscles of the mouse hind limb. The other short-chain

neurotoxin isolated from A. antarcticus venom is the toxin Aa c. This toxin consists of 9

cysteine residues and 4 disulfide bridges (Kim & Tamiya, 1981a). The amino acid

composition and sequence (Table 1.5) of toxin Aa c indicates the presence of 62 amino

acid residues, and a molecular mass of 6898 daltons. The lethality (LD50) of this toxin was

determined to be 0.08 mg/kg (i.m.) in mice. However, no other pharmacological studies

have been done on toxin Aa c to confirm its postsynaptic neurotoxicity.
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Toxin Aa b, acanthophin d and Aa e are long-chain neurotoxins isolated from A.

antarcticus venom. All three toxins consist of 10 cysteine residues and 5 disulfide bridges

(Kim & Tamiya, 1981b; Sheumack et al, 1990; Tyler et al, 1997). The amino acid

sequences (Table 1.5) indicate the presence of 73, 74 and 79 amino acid residues for toxin

Aa b. acanthophin d and Aa e, respectively. With most long-chain neurotoxins consisting

of 66 - 74 amino acid residues, Aa e has the longest amino acid sequence with 79 residues

(Endo & Tamiya, 1991; Tyler et al, 1997). The molecular mass of toxin Aa b was

calculated from the amino acid composition to be 8135 daltons. While the molecular mass

of acanthophin d was determined to be 8800 ± 200 daltons by gel permeation

chromatography (Sheumack et al, 1990), Fry (1999) calculated the molecular mass using

the amino acid sequence to be 8387 daltons. Using mass spectrometry the molecular mass

of Aa e was determined to be 8752 daltons (Tyler et al, 1997). Once again the molecular

mass of Aa e is among the largest for long-chain neurotoxins. Another interesting feature

of Aa e is that it has two chromatographic isoforms, namely Aa el and Aa e2 (Tyler et al,

1997). With reversed-phase high performance liquid chromatography (RP-HPLC), Aa el

and Aa e2 elute at two different retention times. However, since both Aa el and Aa e2 have

the same amino acid sequence they are the same toxin. Furthermore, mass spectrometric

analysis showed that both Aa el and Aa e2 have the same molecular mass. This peculiar

behaviour of Aa e was thought to be due to the presence of Pro-Pro residues in its long C-

terminal tail causing it to adopt two different conformations (Tyler et al, 1997). Hence,

resulting in two different retention times for Aa el and Aa e2.

Out of the three long-chain neurotoxins isolated from A. antarcticus venom only

acanthophin d has been shown to block postsynaptic nicotinic acetylcholine receptors

(Sheumack et al, 1990). It was also shown that the blockade of nicotinic receptors by

acanthophin d is only very slowly reversible. In the case of toxin Aa b, lethality studies

37



General Introduction

indicated a LD50 value of 0.13 mg/kg (i.m.) in mice. While Aa e was found to be toxic in

mice no LD50 value was obtained. No postsynaptic neurotoxins have been isolated from

any other death adder venom.

Table 1.5 Amino Acid Sequences of Neurotoxins Isolated from Death Adder Venoms

Neurotoxin Amino Acid Sequence

Acanthophin a

Toxin Aa ba

Toxin Aa cb

Not determined

Aae"

VICYRGYNNP QTCPPGENVC FTRTWCDAFC SSRGKVVELG CAATCPIVKS
YNEVKCCSTD KCNPFPVRPR RPP
MQCCNQQSSQ PKTTTTCPGG VSSCYKKTWR DHRGTIIERG CGCPRVKPGI
RLICCKTDEC NN

Acanthophin dc VICYRKYTNN VKTCPDGENV CYTKMWCDGF CTSRGKVVEL GCAATCPIRK
PGNEVKCCST NKCNHPPKRK KARP
VICYVGYNNP QTCPPGGNVC FTKTWCDARC HQLGKRVEMG CATTCPKVNR
GVDIKCCSTD KCNPFPKTTP PWKRPRGKP

a Kim & Tamiya (1981b);b Kim & Tamiya (1981a);c Sheumack et al (1990); d Tyler et al.

(1997)

Presynaptic Neurotoxins

Presynaptic neurotoxins are also called P-neurotoxins as they aa >n the presynaptic

terminal, as opposed to a-neurotoxins which act on the postsynaptic side of the

neuromuscular junction. Presynaptic neurotoxins are commonly found in Elapidae,

Hydrophiidae, Crotalidae and Viperidae venoms (Chang, 1985). It was previously thought

that presynaptic neurotoxins are basic proteins, and that this was an important characteristic

for presynaptic neurotoxicity (GubenSek et al, 1997). However, while most P-neurotoxins

are basic, several non-basic presynaptic neurotoxins such as agkistrodotoxin from

Agkistrodon halys (Pallas) venom (Kondo et al, 1989), and Pa-IG and Pa-3 from

Pseudechis australis venom (Takasaki et al, 1990) have been isolated. Studies have also
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shown that presynaptic neurotoxicity is not related directly to the enzymatic activity of

these toxins. When mouse intravenous LD50 values of known P-neurotoxins were

compared with their corresponding enzymatic activity, no significant correlation was

observed (Rosenberg, 1997a; Montecucco & Rossetto, 2000). However, it is accepted that

PLA2 activity is of crucial importance for the neurotoxic activity of P-neurotoxins (Krizaj

& Gubensek, 2000).

Presynaptic neurotoxins can be classified into subclasses based on their structural

organisation (Yang, 1997). One subclass is the single-chain or monomeric neurotoxins, for

example notexin from Notechis scutatus venom (Halpert & Eaker, 1975; Gubensek et al,

1997). Two-component neurotoxins include crotoxin from Crotalus durissus terrifwus

venom, and this toxin consists of a basic subunit, crotoxin B, non-covalently bound to the

acidic non-toxic crotapotin (Delot & Bon, 1993; Yang, 1997). In contrast to crotoxin, p-

bungarotoxin from Bungarus multiciricius venom is a two-chain neurotoxin made up of a

PLA2 subunit covalently linked to a non-enzymatic polypeptide (Kondo et al, ]978a,b;

Bon, 1997; Yang, 1997). Taipoxin from Oxyuranus scutellatus scutellatus venom on the

other hand is a multi-chain toxin complex made up of three different subunits bound non-

covalently (Fohlman et al, 1976; Fohlman et al., 1977; Yang, 1997). Although the above

toxins are structurally different there was no direct relationship between chain structure and

potency (Simpson et al., 1993). However, a relationship between chain structure and

binding of toxin was observed. While the binding of P-bungarotoxin, taipoxin and

textilotoxin to receptors on the mouse hemidiaphragm was poorly reversible, crotoxin was

found to be slightly reversible and notexin substantially reversible (Simpson et al, 1993).

A characteristic feature of presynaptic neurotoxicity is that, even at high doses of P-

neurotoxins, there is a interval of about 1 hour between injection and death (Fletcher &

Rosenberg, 1997; Rosenberg, 1997a; Montecucco & Rossetto, 2000). This was confirmed
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in in vitro when a 10-fold increase in concentration of paradoxin failed to significantly

hasten the inhibition of indirect twitches in the mouse phrenic nerve-diaphragm muscle

preparation (Hodgson & Rowan, 1997). In in vitro nerve-muscle preparations, presynaptic

neurotoxins generally cause a triphasic effect on acetylcholine release (Su & Chang, 1984;

Harris, 1991). The three phases are: an initial depression of acetylcholine release followed

by enhanced transmitter release and, finally, a gradual failure of transmitter release to

complete blockade (Fletcher & Rosenberg, 1997; Rowan, 2001). The initial phase is

thought to be due to binding of neurotoxins to the receptor sites (Caratsch et al, 1981;

Harris, 1991). As previously mentioned, an N-type receptor in neurons and an M-type

receptor in skeletal muscle have been identified and characterised on the basis of binding

by PLA2 toxins such as OSj and OS2 (Lambeau et al, 1989; Lambeau et al, 1991a,b;

Lambeau & Lazdunski, 1999). Several other binding proteins for taipoxin (Tzeng et al,

1989), ammodytoxin (Krizaj et al, 1994; Krizaj et al, 1995), crotoxin (Hseu et al, 1999)

and P-bungarotoxin (Breeze & Dolly, 1989) have also been detected and characterised

(Krizaj & Gubens'ek, 2000). This initial inhibitory phase is seen in frog preparations

(Alderdice & Voile, 1981; Caratsch et al, 1981) and mouse preparations exposed to low

Ca2+ (Chang et al, 1977b), but not in rat (Chang et al, 1977a), and perhaps a very subtle or

absent effect in chick preparations (Chang & Su, 1982; Mollier et al, 1989; Fletcher &

Rosenberg, 1997). It has been shown that during the enhanced transmitter release phase p-

bungarotoxin causes a shift of the Ca2+ dose response curve to the left (Su & Chang, 1984;

Rowan, 2001). However, it is not known whether this is due to a Ca2+ influx or an

inhibition of Ca2+ uptake during acetylcholine release (Rowan, 2001). While the first and

second phases are phospholipase-independent in mammalian preparations, the third phase

is phospholipase-dependent. Unlike the third phase, the first two phases were present when

p-bungarotoxin was treated with the PLA2 enzyme inhibitor /?-bromophenacyl bromide
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(Abe et al, 1977; Kondo et al, 1978c; Chang & Su, 1982), The triphasic characteristics of

presynaptic neurotoxicity are not always present as described above. There seems to be

variability in this triphasic response depending on the P-neurotoxin tested and the animal

nerve-muscle preparation utilised (Chang & Huang, 1974; Harris, 1991; Rowan, 2001).

The morphological changes induced by presynaptic neurotoxins can be seen from

electron microscopy studies. Dramatic reduction in vesicles, presence of clathrin-ccated Q-

shaped indentations on the plasma-membrane, damaged mitochondria and swollen axon

terminals are prominent features of neuromuscr.lar junctions exposed to P-neurotoxins

(Cull-Candy et al, 1976; Gopalakrishnakone & Hawgood, 1984; Dixon & Harris, 1999).

To date, the precise mechanism of presynaptic neurotoxicity that accounts for all the

pharmacological data and morphological changes has not been described and tested.

Recently, a comprehensive model for presynaptic neurotoxicity was proposed by

Montecucco and Rossetto (2000). In brief, P-neurotoxins bind to specific receptors on the

presynaptic terminal (Lambeau et al, 1989; Lambeau et al, 1991a,b). Montecucco &

Rossetto (2000) suggest that the p-neurotoxin-receptor complex then migrate to the

presynaptic active zone. Here the toxins enter the lumen of the small synaptic vesicles after

these have released their neurotransmitter to the extracellular space. Thereby, P-

neurotoxins are internalised into the small synaptic vesicles by endocytosis. The toxins are

then thought to hydrolyse the inner membrane of the small synaptic vesicles and so release

fatty acids and lysophospholipids. After the protein layer that mediates endocytosis is lost,

the ATPase proton pump creates a pH gradient across the membrane of the small synaptic

vesicles. This in turn, causes the uptake of neurotransmitter into the synaptic vesicles.

Given the acidic environment inside the vesicles the fatty acids are protonated. The

protonated fatty acids flip-flop to the outer surface of the vesicles leaving behind the
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lysophospholipids inside the vesicles. With fatty acids on the outer surface of the vesicles,

these become highly fiisogenic (Chernomordik et al, 1995; Chernomordik et al, 1997;

Montecucco & Rossetto, 2000). Vesicle fusion then takes place anywhere along the plasma

membrane and releases the neurotransmitter. Both fatty acids and lysophospholipids in the

fused vesicles prevent further endocytosis and vesicle recycling (Montecucco & Rossetto,

2000). This causes the formation of the Q-shaped indentations and eventual depletion of

vesicles.

As previously mentioned, PLA2 isomers called acanthoxin Al and A2 were isolated

from A. antarcticus venom (van der Weyden et al, 1997). Acanthoxin Al showed a high

degree of amino acid sequence identity with other elapid presynaptic neurotoxins,

especially pseudexin A (77%) from the red-bellied black snake {Pseudechis porphyriacus)

(van der Weyden et al, 1997; Hains et al, 1999; van der Weyden et al, 2001). Based on

sequence identity and lethality in mice, acanthoxin Al was considered to be the first

neurotoxic PLA2 from a death adder venom (van der Weyden et al, 2001). Interestingly,

acanthoxin Al shared highest sequence identity with acanthin II (96%), an antiplatelet

component from A. antarcticus venom (Chow et al, 1998; van der Weyden et al, 2001).

Furthermore, toxicity of acanthoxin Al was uncharacteristically low for a presynaptic

neurotoxin (van der Weyden et al, 1997; Montecucco & Rossetto, 2000). Therefore, the

neurotoxic activity of acanthoxin Al needs to be confirmed in further pharmacological

studies.

Myotoxic Phospholipase A2 Components

Myotoxicity, in the toxinology literature, is broadly defined as structural or functional

disruption of muscle tissue as measured by pharmacological, biochemical or pathological
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terms in either in vivo or in vitro conditions (Gopalakrishnakone et al, 1997). To assist

structure-function studies and comparisons between myotoxins, Gopalakrishnakone et al.

(1997) suggest classifying myotoxic PLA2 components into general myotoxins and local

myotoxins. General myotoxins or myoglobinuric myotoxins are those that cause systemic

effects away from the site of injection (eg. P. australis VIIIA). Local myotoxins or

myonecrotic toxins are those that cause muscle damage at the site of application, either in

in vivo or in vitro situations (eg. notexin).

Several pharmacological and biochemical assays have been used to determine the

myotoxic activity of isolated components. In vivo assays consist of myotoxins being

injected via a subcutaneous or an intramuscular route into animals (usually mice) (Harris,

1991). The animals are then sacrificed at a predetermined time point, skeletal muscles

removed and examined under the microscope. In the absence of histological examination

the detection of myoglobinuria is consici>. red a reliable indicator of myotoxicity (Harris,

1991; Gopalakrishnakone et al., 1997). Some authors have also used the elevation of

creatine kinase (CK) as an indicator of myotoxic activity (Sutherland et al., 1981; Mebs &

Ownby, 1990; Melo & Ownby, 1996,1999). Others have suggested that CK results should

be interpreted with caution since the correlation between the level of CK and the extent of

muscle damage is not always supported (Rowland, 1980; Harris, 1991; Fletcher et al,

1997). However, CK measurements are routinely used clinically to diagnose severe muscle

diseases. For in vitro studies of myotoxicity, the nerve-muscle preparations from mice and

especially that of chicks have been utilised (Harvey et al, 1994). Since the integrity of

muscle fibres is essential for the directly stimulated twitches, myotoxicity is indicated by

the loss of direct twitches. In addition to the inhibition of direct twitches, myotoxins may

also cause an increase in baseline tension (Harvey et al, 1994). This contraction is tliought

to be due to an elevation in Ca2+ concentrations within the myoplasm (Fletcher et al,
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1997). While the inhibition of direct twitches or a contracture is indicative of myotoxicity,

neither provides adequate evidence to confirm this activity (Harris, 1991). Therefore,

supplementary histological studies are required to confirm myotoxicity.

Morphological changes are usually evident under light microscopy after about 3 - 6

hours of exposure to myotoxic PLA2S (Harris, 1991). By 6 hours of exposure to notexin or

taipoxin most fibres of the rat soleus muscle were damaged, and by 12 - 24 hours almost

every muscle fibre was broken down (Harris et al, 2000). Morphological changes induced

by myotoxins typically include vacuolation, delta lesions, interstitial edema, cellular

infiltrate, necrotic cells and loss of striation (Harris & Maltin, 1982; Fletcher et al, 1997;

Gopalakrishnakone et al, 1997; Ali et al, 2000). At the electron microscopy level, the first

signs of myotoxicity are delta lesions, niptured plasma membrane, clear areas of

cytoplasm, swollen mitochondria and dilated sarcoplasmic reticulum (Fletcher et al, 1997:

Gopalakrishnakone et al, 1997). Other pathological changes observed are broken

sarcomeres and areas of hypercontracted myofilaments. Degeneration of skeletal muscle as

a result of exposure to taipoxin lasted for about 48 hours, and regeneration occurred

thereafter (Harris & Maltin, 1982). Formation of myotubes occurred by 3 days, immature

muscle fibres were seen by 5 days, and complete recovery was noted by 3 weeks (Harris &

Maltin, 1982).

Slow-twitch, oxidative and oxidative-glycolytic muscle fibres are thought to be more

susceptible to myotoxic PLA2S than the fast-twitch, glycolytic muscle fibres (Harris, 1991;

Ownby et al, 1999). Furthermore, immature muscle fibres are quite resistant to myotoxic

PLA2S in both in vivo and in vitro conditions (Harris & Johnson, 1978; Harris, 1991).

There may also be differences in sensitivity to myotoxins depending on the species tested

(Harris, 1985; Mebs & Ownby, 1990). Some studies have found that there is a good

correlation between enzymatic activity and toxicity of myotoxic PLA2 components (Fatehi
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et al, 1994; Gopalakrishnakone et al, 1997). Furthermore, others have shown that

inhibition of PLA2 activity with /?-bromophenacyl bromide causes an inhibition of

myotoxic activity (Chen et al, 1994; Gao et al, 2001). However, some studies have found

that there is no correlation between the level of PLA2 activity and myotoxicity (Dhillon et

al, 1987; Rosenberg et al, 1989; Rosenberg, 1997b; Ownby et al, 1999). Hence, it is

thought that PLA2 activity plays a less important role in the mechanism of myotoxicity than

was earlier thought, at least in some cases (Fletcher & Rosenberg, 1997). This view gained

further acceptance with the isolation of Lys-49 PLA2 myotoxins. Studies showed that Lys-

49 PLA2 myotoxins lacked enzymatic activity on artificial substrates (Soares et al, 2000;

Soares et al, 2001). Therefore, it was thought that enzymatic activity was not essential for

these toxins to cause myotoxicity. However, recently it was shown that Lys-49 PLA2

myotoxins are indeed catalytically active on biological substrates (Soares et al, 2002).

Therefore, it is still possible that enzymatic activity may play a role in Lys-49 PLA2

induced myotoxicity. Further research will be required to examine the role of PLA2 activity

in myotoxicity.

In a hypothetical model it was suggested that PLA2 toxins may target specific

proteins rather than the lipid domain to cause myotoxicity (Kini & Evans, 1989). As

previously mentioned, an M-type receptor was characterised from rabbit skeletal muscle

cells that bound certain PLA2 components with high affinity (Lambeau et al, 1990;

Lambeau & Lazdunski, 1999). In the hypothetical model for PLA2 induced myotoxicity,

proposed by Fletcher et al. (1997), the target recognition site would bind with high affinity

to proteins such as M-type receptors. The target recognition site would then determine

tissue specificity and potency of a myotoxin. The cytolytic site on the PLA2S disrupts the

sarcolemma, and this happens most probably in the presence of enzymatic activity

(Fletcher et al, 1997). It is also suggested that fatty acids are produced at the binding sites
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by PLA2 activity. The acylation of fatty acids to membrane proteins would then result in an

inhibition of normal protein function and lead to a loss of membrane integrity (Fletcher et

al, 1997). Clearly, further studies on myotoxins are required before it can be possible to

definitively describe the mechanism of PLA2 induced myotoxicity.

As previously mentioned (refer Whole Venom Studies), studies have shown that A.

antarcticus venom has no myotoxic activity in monkeys in vivo and fails to produce

myoglobinuria in mice (Mebs & Samejima, 1980; Sutherland et al, 1981). However, in in

vitro studies using the chick biventer cervicis nerve-muscle preparation, A. praelongus

venom (30 ug/ml) induced a significant direct contracture of muscle (Wickramaratna &

Hodgson, 2001), indicating possible myotoxic activity (Harvey et al, 1994). Furthermore,

a clinical study reported myotoxic activity following death adder envenomations, in Papua

New Guinea, by a species thought to be different to A. antarcticus (Lalloo et al, 1996). In

this study, two thirds of envenomed patients had significantly elevated creatine kinase

levels and one patient developed renal failure following delayed presentation. Therefore, it

is possible that some of the death adder venoms may be myotoxic. Further studies based on

histological examination are required to confirm any such activity.

Other Constituents of Snake Venoms

Elapid venom cardiotoxins have a similar structure to postsynaptic neurotoxins with

the four disulfide bonds in almost identical positions (Duiton & Hider, 1983,1991).

However, in terms of pharmacology and amino acid sequence, they are quite different from

neurotoxins. Cardiotoxins cause systolic heart arrest and severe tissue necrosis in in vivo,

and are cytotoxic to cardiomyocytes and erythrocytes in vitro (Tzeng & Chen, 1988; Huang

et al, 2003). Although no cardiotoxins have been isolated from death adder venoms a
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clinical study found that 2 out of 6 patients envenomed by death adders in Papua New

Guinea had electrocardiographic abnormalities (Lalloo et al, 1997).

Snake venoms exert many effects on the blood. Elapid venoms are known to have

components with procoagulant and anticoagulant activity (Tu, 1996; Fry, 1999). The ratio

of procoagulant and anticoagulant components in the venom determines whether the whole

venom would display procoagulant or anticoagulant activity, at a particular concentration

(Tu, 1996). To date, no components with procoagulant or anticoagulant activity have been

isolated from death adder snake venoms. However, several components with antiplatelet

activity have been isolated from A. antarcticus (acanthin I and II) and A. praelongus

(Praelongin 2bIII, 2cII and 2cIV) venoms (Chow et al, 1998; Sim, 1998). These

components are potent inhibitors of collagen-induced platelet aggregation. Elapid venoms

are also known to contain haemolytic factors that act either directly or indirectly. Direct

haemolytic factors are highly basic polypeptides, while indirect factors possess PLA2

activity (Tu, 1996). Other venom components such as cardiotoxins and myotoxins may also

induce haemolysis (Fletcher & Jiang, 1993; Tu, 1996).

In addition to the toxins discussed above, venoms contain many other components

such as enzymes (eg. hyaluronidase) and nerve growth factor. Hyaluronidase is thought to

facilitate toxin diffusion into the tissues, while nerve growth factor potentiates the toxicity

of other components (Hidere/ al, 1991; Tu, 1996).

Antivenom Treatment

Two recent reviews have covered antivenoms broadly (Hodgson & Wickramaratna,

2002; Fry et al, 2003; refer appendix). Here, antivenom studies relevant to death adders

will be covered.
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Anti venom remains the principal therapy for death adder envenomation (White,

1998a). In Australia, death adder antivenom is prepared by CSL Ltd. from the plasma of

horses immunised with common death adder (A. antarcticus) venom. Initially, antivenom

production ran into problems as high levels of antibodies were not produced by horses

immunised with death adder venom. However, with improved immunisation schedules,

death adder antivenom first became available for treatment in 1958 (Sutherland & Tibballs,

2001). An ampoule of death adder antivenom consists of 6000 units in an approximate

volume of 22 ml. Similarly, CSL polyvalent antivenom contains 6000 units of death adder

antivenom. In Australia, the current cost of an ampoule of death adder antivenom is about

$869 and that of CSL polyvalent antivenom is about $1440. Campbell (1966) reported that,

given in large amounts (i.e. 3 to 6 ampoules of CSL polyvalent antivenom and 3000 to

12000 uiiits of monovalent death adder antivenom), antivenom was very effective in

reversing the effects of death adder envenomation in Papua New Guinea. After antivenom

treatment the reversal of paralysis was reported to occur within hours (Campbell, 1966). In

another study, 13 death adder envenomed patients in Papua New Guinea were treated with

antivenom, and all survived (Lalloo et al, 1996). Two patients received more than one

ampoule of antivenom. After antivenom treatment, one seriously envenomed patient with

respiratory arrest recovered almost completely within 18 hours. Jelinek and Wambeek

(1992) reported the first A. antarcticus envenomation in Perth, Western Australia. In this

case, the patient recovered completely after receiving one ampoule of death adder

antivenom. In contrast, another recent envenomation in Australia required three ampoules

of death adder antivenom plus anticholinesterase therapy to resolve severe neurotoxicity

(Little & Pereira, 2000).

In a recent study, the efficacy of CSL death adder antivenom was examined in vitro

against the neurotoxicity of A. antarcticus (Queensland geographic variant), A. praelongus
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and A. pyrrhus venoms. This study found that CSL death adder anlivenom was effective

against all three death adder venoms (Wickramaratna & Hodgson, 2001). However,

antivenom was significantly less effective against A. antarcticus venom compared to the

other two venoms. In light of this findins, the efficacy of CSL death adder antivenom

should be examined against venoms from other Acanthophis species.

Antic Iiolinesterase Therapy

A placebo-controlled, double-blind crossover trial of edrophonium treatment against

the neurotoxicity of cobra (Naja naja philippinensis) venom suggested that

anticholinesterases could be beneficial in the management of snake envenomation (Watt et

al, 1986). Following this, neostigmine methylsulphate was administered to a death adder

envenomed patient in Papua New Guinea (Currie et al, 1988). Although the patient

showed marked improvement of ptosis and chest wall movement, antivenom was later

administered. Again in Papua New Guinea another patient who received simultaneous

antivenom and neostigmine recovered rapidly (Lalloo et al, 1996). As mentioned above,

Little & Pereira (2000) administered neostigmine after three ampoules of death adder

antivenom because the hospital had exhausted the supply of antivenom. Once again the

anticholinesterase treatment was thought to have a beneficial effect in the management of

death adder envenomation. In an in vivo rat study neostigmine helped to prolong the

survival at only the lower concentrations of A. antarcticus venom (Flachsenberger &

Mirtschin, 1994). Concomitant anticholinesterase treatment has been suggested as a means

to reduce the costs involved with antivenom therapy in Papua New Guinea (Currie et al,

1988; Flachsenberger & Mirtschin, 1994). However, others have raised concerns given that

the effects of anticholinesterases are thought to be transient (Sutherland & Tibballs, 2CGi).
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To date, no in vitro studies have examined the effectiveness of anticholinesterases against

the neurotoxicity of death adder venoms.

Focus of this Study

Venoms from four geographic variants of common death adder (A. antarcticus)

were obtained. These are A. antarcticus (Gosford; New South Wales), A. antarcticus

(Surfers Paradise; Gold Coast, Queensland), A. antarcticus (Middleback, Whyalla, South

Australia) and A. antarcticus (Darling Ranges, Western Australia). In addition, venoms

from A. praelongus (Cairns, Queensland), A. pyrrhus (Alice Springs, Northern Territory),

A. rugosus (Merauke, Irian Jaya, Indonesia), A. wellsi (Newman, Pilbarra, Western

Australia), A. hawkei (Goydnor's Lagoon, Barkley Tableland, Northern Territory) and A.

sp. Seram (Seram, Indonesia) were obtained. To date, several neurotoxic components have

been isolated from A. antarcticus venom. However, a detailed analysis of the neurotoxicity

of Acanthophis venoms has not been undertaken. In fact, no pharmacological studies have

been undertaken on whole venoms from A. hawkei, A. rugosus, A, sp. Seram and A. wellsi.

Neither has any study compared venoms of the four geographic variants of A. antarcticus.

Furthermore, the efficacy of CSL death adder antivenom against venoms of A. hawkei, A.

rugosus, A. sp. Seram and A. wellsi is unknown.

The aim of this thesis is to study both the whole venoms and their isolated

components for pharmacological activity with a particular emphasis on neurotoxicity and

myotoxicity. Studies will also determine the efficacy of CSL death adder antivenom against

the in vitro neurotoxicity of death adder venoms. Furthermore, isolated neurotoxins will be

characterised at a number of different nicotinic acetylcholine receptor subtypes. It is
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anticipated that this study will contribute to better treatment of envenomation, and isolation

of components may lead to the identification of valuable research tools.

i

1
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Species and Regional Variations in the Effectiveness of Anti-
venom against tK in Vitro Neurotoxicity of Death Adder {Acan-
thophis) Venoms. Fry, B. G., Wickramaratna, J. C, Jones, A.,
Alewood. P. F., and Hodgson. W. C. (2001). Toxicol. Appl Phar-
macol. 175, 140-148.

Although viperlike in appearance snd habit, death adders be-
iong to the Elapidae family of j/iakes. Systemic envenomation
represents a serious medical problem with antivenom, which is
raised against Acanthophis antarcticus venom, representing the
primary treatment. This study focused on the major Acanthophis
variants from Australia and islands in the Indo-Pacific region.
Venoms were profiled using liquid chromatography-mass spec-
trometry. and analyzed for in vitro neurotoxicity (0.3-10 figlmi),
as well as the eflcctivcii ess of antivenom (1-5 units/ml; 10 min
prior to the addition of 10 nglml venom). The following death
adder venoms were examined: A. anlarcdcus (from separate pop-
ulations in New South Wales, Queensland, South Australia, and
Western Australia), A. liawkci, A. praclongus, A. pyrrhus, A.
rugosus. A. wellsi, and venom from an unnamed species from the
Indonesian island of Seram. All venoms abolished indirect
twitches of the chick isolated biventer cervicis nerve-muscle prep-
aration in a dosc-dependent manner. In addition, all venoms
blocked responses to exogenous acetylchoiine (1 mM) and carba-
chol (20 nM), but not KCI (40 mM), suggesting postsynaptic
neurotoxicity. Death adder antivenom (1 unit/ml) prevented the
ncurotoxic effects of A. pyrrhus, A. praclongus, and A. hawkci
venoms, although it was markedly less effective against venoms
from A. antarcticus (NSW. SA, WA), A. rugosus, A. wcilsi, and A.
sp. Seram. However, at 5 units/ml, antivenom wac effective against
all venoms tested. Death adder venoms, including those from A.
antarcticus geographic variants, differed not only in their venom
composition but also in their neurotoxic activity and susceptibility
to antivenom. For the firs', itme toxicoiogical aspects of A. hawkci,
A. wcilsi, A. rugosus, and A. sp. Seram venoms were studied,
©2001 Acadtmic Pre»
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Death adders (genus Acanthophis) are vnique among Aus-
tralian snakes in both morphology and venom composition
(Campbell, 1966; Fry, 1999). Although classified into the
Elapidae family of snakes they are viperlike in appearance and
habit (Campbell, 1966). They are characterized by a somewhat
flattened, almost triangular head and a short, stout body termi-
nating to a thin ratlike tail (Cogger, 1996). This makes them
among the most specialized of all elapids and closely conver-
gent in many respects with members of the family Viperidae.

Death adders are the widest ranging of." the Australian elap-
ids, being found not only in continental Australia, but north
throughout the Torres Straight Islands, Papua New Guinea,
hiar. Jaya, and the Indonesian islands of Seram, Halmahera,
Obi, and Tanimbar. Although there have been up to 12 species
and 3 subspecies of death adders described thus far (Hoser,
1998), considerable debate remains about species identification
(Wuster et al. 1999). Of these, only the venoms of the com-
mon (A. antarcticus), northern (A. praelongus), and desert (A.
pyrrhus) death adders have been studied.

In terms of biochemical and pharmacological properties,
species variations between the venoms of A. antarcticus, A.
pras}nngus, and A. pyrrhus have been reported. Many differ-
ences between venom profiles were found when each venom
was applied to a cation-exchange Mono-S column (van der
Weydcn et al, 2000). Another ^udy showed significant dif-
ferences in in vitro neuroioxicity between these three venoms
(Wickramaratna and Hodgson, 2001).

In a comparative study of 25 snake venoms, Broad et al.
(1979) ranked A. antarcticus venom as the nin'h most lethal
venom with a murinc LD50 of 0.338 mg/kg (sc, in 0.1 % bovine
serum albumin in saline). JCellaway et al. (1932) found the
neurotoxic action of A. antarcticus venom to be attributable to
a peripheral curare-like neuromuscular block. Merc recently,
five postsynaptic neurotoxins have been isolated and se-
quenccd from A. antarcticus venom (Shcuiitack et al., 1979,

I
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1990; Kim and Tamiya, 1981a,b; Tyler et ai. 1997). In the
chick isolated stimulated biventer cervicis nerve-muscle prep-
aration, A. antarcticus (Qld), A. praelongus, and A. pyrrhus
venoms (3-10 jig/ml) caused time-dependent inhibition of
twitches and blocked contractile responses to exogenous ace-
tylcholine and carbachol, suggesting the presence of postsyn-
aptic neurotoxins (Wickramaratna and Hodgson, 2001). In the
same study the three venoms (3-10 /xg/ml) were ranked ac-
cording to their in vitro neurotoxicity as follows: A. antarcticus
(Qld) a A. pyrrhus > A. praelongus.

Death adder envenomations are a rare occurrence in Austra-
lia, although these are still a significant heaffh problem in
Papua New Guinea (Currie et ai, 1991; Sutherland, 1992;
Lalloo et ai, 1995). Clinical symptoms of envenomation by
Acanthophis spp. include those relating to the paralysis of
bulbar and ocular muscles, enlargement of regional lymph
nodes, and death occurs through inhibition of respiration re-
sulting from paralysis of the voluntary muscles (Campbell,
1966; Lalloo et al, 1996). CSL death adder antivenom, which
has been raised against A. antarcticw venom, remains the
principal therapy for death adder envenomation (White, 1998).
This antivenom was found to be very effective in reversing the
effects of death adder envenomation in Papua New Guinea
(Campbell, 1966; Lalloo et ai, 1996). A recent in vitro study
showed that CSL death adder antivenom, while very effective
against A. praelongus and A. pyrrhus venoms, was signifi-
cantly less effective against the neurotoxicity of A. antarcticus
(Qld) venom (Wickramaratna and Hodgson, 2001). Although
death adder antivenom was raised against A. antarcticus
venom it is possible that it may not have been raised against a
pool of/4, antircticus venoms representative of all geographic
variations. Thus, the antivenom may lack the ability to neu-
tralize some neurotoxic components of venoms from subpopu-
lations of A. antarcticus species (Schenberg, 1963; Wickrama-
ratna and Hodgson, 2001). This explanation, however, remains
to be investigated. With many new species of death adders
described, from a clinical perspective, it is useful to know the
effectiveness of CSL death adder antivenom against their ven-
oms (Currie, 2000). However, no such study has been pub-
lished.

To date, no pharmacological studies have been undertaken
on whole venoms from the Barkly tableland (A. hawkei), black
head {A. wclhi), or Irian Jayan (A. rugosus) death adders, nor
from death adders from the Indonesian island of Seram (A. sp.
Seram), considered by some herpetologists to be another pos-
sible species (Mark O'Shea, personal communication, 2000).
Therefore, this study examined the in vitro neurotoxicity of
these venoms and compared these to the previously studied A.
antarcticus, A. praelongus, and A. pyrrhus venoms. In light of
oui recent findings, the efficacy of CSL death adder antivenom
agairist i'he in vitro neurotoxicity of these unstudied venoms
was also examined. In addition, death adder venoms were
profiled using on-line liquid chromatography-mass spectrom-
ctry (LC-MS) to determine the level of variations in venom

composition resulting from geographic location or species dif-
ferences.

MATERIALS AND METHODS

Venom Collection

A. antarcticus venoms were obtained from populations in New South Wales
(NSW), Queensland (Qid), South Australia (SA), and Western Australia (WA).
A. praelongus venom was milked from populations in Cairns, Queensland; A.
pysrhus venom from Alice Springs, Northern Territory; A. wcllsi venom from
die Pilbarra region of Western Australia; A. hawkei venom from the Darkly
tableland region of Northern Territory; A. rugosus venom from Irian Jaya
(West Papua), snd A. sp. Seram from the island of Seram, Indonesia. Venoms
were either purchased from Venom Supplies Pty. Ltd., South Australia, or
milked by the first author. For each geographic variant or species venoms were
collected and pooled to minimize the effrc's of individual variations (Chippaux
etal.. 1991).

Venon: Preparation and Storage

Frecze-dricd venoms and stock solutions of venoms, prepared in 0.1%
bovine serum albumin in 0.9% saline, were stored at -20°C until required.

Liquid Chromatography-Maxs Spectrometry (LC-MSj

Venoms were dissolved in 0.1% trifluoroacctic acid (TFA) to a concentra-
tion of I mg/ml. On-line LC-MS of venoms was performed on a Vydac CIS
analytical column (2.1 X 250 mm, 5/x particle size, 300 A) with solvent A
(0.05% TFA) and solvent B (90% acetonitrile in 0.045% TFA) at a flow rate
of 130 /il/min. The solvent delivery and gradient formation of a 1% gradient
from 0 to 60% ac'tonilrile/0.05% TFA over 60 min was achieved using an
Applied Biosystcms 140 B solvent delivery system. Elcctrospray mass spectra
were acquired on a PE-SCIEX triple quadrupolc mass spectrometer equipped
with an ionspray atmospheric pressure ionization source. Samples (10 /xl) were
injected manually into the LC-MS system and analysed in positive ion m.xle.
Full scan data were acquired at an orifice potential of 80 V over the mass range
400-2100 Da with a step size of 0.2 amu. Data processing was performed with
the aid of 'he software package Biomultivicw (PE-SCIEX, Canada).

Chick Isolated Biventer Cenicis Nerve-Muscle Preparation

Male White leg horn chicks aged between 4 and 8 days were killed with CO,
and both biventer cervicis nerve-muscle preparations were removed. These
were mounted under I g resting tension in organ baths containing Krcbs
solution of th following composition (mM): NaCI, 118.4; KCI. 4.7; MgSO...
1.2; KHjPO,, 1.2; CaCI,. 2.5; NaHCO,. 25; and glucose, 11.1. The Krcbs
solution was bubbled with csrbogen (95% O5 and 5% CO :) and maintained at
34°C. Twitches were evoked by stimulating the motor nerve every 10 s with
pulses of 0.2 ms duration al a suprama.ximal voltage (Harvey et at., 1994) using
a Grass 588 stimulator. After a 30-min equilibration period, </-lubocurarine (10
p.M) was added. Subsequent abolition of twitches confirmed selective stimu-
lation of nerves. Twitches were then reestablished by thorough washing.
Contractile responses to acctylcholine (ACh; 1 mM for 50 s), carbachol (CCh;
20 f.iM for 60 s), and potassium chloride (KCI; 40 mM for 30 s) were obtained
in the absence of stimulation (Harvey el al.. 1994). Electrical stimulation was
then recommenced and the preparations allowed to equilibrate for a further
30-min period before commencement of the experiment. Venoms were left in
contact with the preparations until complete twitch blockade occurred, or for
a 4-h period. Contractile responses to ACh. CCh, and KCI were then obtained
us previously described. Where indicated, death adder aniivcnom (1-5 unit.s'
ml) was added 10 min prior (Barlara/ and Harvey, I W ; Crachi el«;/.. I9(W,
Wickramaratna and Hodgson, 2001) to the addition of venoms (10
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Drugs

The following drugs were used: acetylcholine chloride (Sigma, Si. Louis,
MO); bovine scrum albumin (BSA; Sigma); caibamylcholine chloride (carba-
chol; Sigma); </-tubocurarinc chloride (Sigma). Except where indicated, stock
solutions were made up in distilled water. Death adder anlivcnom, which is
raised against A. antarcticus venom in horses, was obt?<ned from CSL Ltd.
(Australia).

Analysis of Results and Statistics

For isolated tissue experiments, responses were measured via a Grass .force
displacement transducer (FT03) and recotded on a MacLab System. To com-
pare the ncurotoxicity of venoms, (he time taken to cause 90% inhibition of
nerve-mediated twitches (i.e., /H values) was determined. tw value? were
calculated for each experiment by determining Ihe elapsed time after venom
addition at 10% of the initial twitch height, and then the means and standard
error of the means were calculated. A two-way ANOVA was performed for
comparison of / „ values between venoms and concentrations. Where indi-
cated, curves were compared by a two-way repeated measures ANOVA.
Contractile responses to ACh, CCh, and KG were expressed as £ percentage
of the respective initial response. These were analyzed using either Student's
paired /-tests or, where stated, compared against the control response vi? a
one-way ANOVA. All ANOVAs weit followed by a Bonferroni post hoc test.
Statistics! significance was indicated when/? < 0.05.

RESULTS

Liquid Chromatography-Mass Spcctrometry Analysis of
Venoms

Venoms were profiled using LC-MS to determine differ-
ences in venom composition. All venoms had essentially the
same generalized elution profile: an early eluting component
(~24% acetcnitrile), a few percentage pause without any ap-
preciable components eluting, and then the vast majority of
components eluting between about 30 to 40% acetonitrile (Fig.
1). The first eluting component in all venoms had a mass
similar to that of the short-chain neurotcxin Aa-c, previously
isolated from A. antarcticus venom. A greater number of
components were shared by A. antarcticus geographic variants
(NSW, Qld, SA, WA) than between species (Table 1).

Neurotoxicity Studies

All Acanthophis venoms (10 /xg/ml) caused time-dependent
inhibition of nerve-mediated twitches, whereas vehicle (i.e.,
BSA) had no inhibitory effect on twitch height (n = 4 - 8 ; Figs.
2a and 2b). There was no significant difference in neurotoxicity
between the A. antarcticus venoms at this concentration (two-
way repeated measures ANOVA, p < 0.05). However, A.
liawkei, A. praelongus, and A. pyrrhus venoms were signifi-
cantly less neurotoxic than A. sp. Seram venom (10, /xg/m!;
two-way repeated measures ANOVA,/; < 0.05). All venoms
at 10 /xg/ml totally abolished contractile responses to exoge-
nous ACh (1 uiM) and CCh (20 /xM), but not KG (40 mM),
whereas the vehicle had no significant inhibitory effect on the
contractile responses to exogenous ngunisi.N (,« - 4 - 5 ; Stu-
dent's paired /-test, p < 0.05, data not shown).

All Acanthophis venoms (0.3-10 ptg/ml; n = 4-15) caused

a concentration-dependent inhibition of nerve-mediated
twitches (two-way ANOVA, p < 0.05; Figs. 3a and 3b).
Because experiments were terminated after 4 h, /M values for
venoms (0.3 /u.g/ml) from A. antarcticus (SA), A. praelongus.
A. rugosus, A. wells', and A. hawkei were not determined.
Although not shown in Fig. 3b, the /,0 values for A. pyrrhus
and A. sp. Seram venoms (0.3 /xg/ml; r. = 8) were 180 ± 18
and 212 ± 32 min, respectively. A. antarcticus (SA) venom
was significantly less neurotoxic than A. antarcticus (Qld) and
A. antarcticus (NSW) venoms (two-way ANOVA,/; < 0.05;
Fig. 3a). A. hawkei venom was significantly 'ess neurotoxic
(han A. sp. Seram venom (two-way ANOVA, p < 0.05; Fig.
3b). At lower concentrations (0.3-1.0 /xg/ml) there was a
greater degree of spread of neurotoxicity than at higher con-
centrations (3-10 /Ag/ml). In the case of A. wellsi and A.
pyrrhus venoms, the rank order of venom ncurotoxicity, based
on /«0 values, altered with the change in concentration (Fig.
3b).

Efficacy of Death Adder Antivenom

Prior incubation (10 min) of death adder antivenom (1
unit/ml) significantly delayed twitch inhibition produced by all
Acanthophis venoms HO /xg/ml; n = 4 - 8 ; two-way repeated
measures ANOVA,/? < 0.05; Figs. 4a and 5a). Among the/4.
antarcticus geographic valiants, antivenom markedly attenu-
ated the neurotoxicity of A antarcticus (Qld) venom, while
havu:? a significantly lesser effect on A. antarcticus (NSW)
and A. antarcticus (WA) venoms (n = 5-7; two-way repeated
measures ANOVA, p < 0.05; Fig. 4a). In addition, in the
presence of antivenom (1 unit/ml) all four A. antarcticus ven-
oms (10 /xg/ml) continued to significantly inhibit contractile
responses to exogenous ACh (1 mM) and CCh (20 /xM)
compared to the antivenom control (i.e., antivenom only; n =
5-7; one-way ANOVA,/; < 0.05; Fig. 4b).

Prior incubation of antivenom (1 unit/ml) prevented twitch
inhibition by A. hawkei, A. praelongus, and A. pyrrhus venoms
(10 /ig/ml). However, in the presence of antivenom, A. wellsi,
A. rugosus, and A. sp. Seram venoms (10 /xg/ml) continued to
significantly inhibit the twitch response compared to Ihe anti-
venom control (/: = 4 -8 ; two-way repeated measures
ANOVA,/; < 0.05; Fig. 5a). Furthermore, in the presence of
antivenom (1 unit/ml), A. wellsi, A. rugosus, and A. sp. Seram
venoms continued to significantly inhibit contractile responses
to exogenous ACh and CCh compared to the antivenom control
(n = 4 -8 ; one-way ANOVA,/; < 0.05; Fig. 5b). However,
antivenom prevented A. kuv.'kei, A. praelongus, and A. pyrrhus
venoms from inhibiting contractile responses to exogenous
ACh and CCh (n = 4 -8 ; Fig. 5b).

Prior incubation of antivenom (5 units/ml) prevented twitch
inhibition by A. antarcticus (NSW, Qld, SA, WA), A. rugosus.
A. sp. Seram, and A. wellsi venoms (10 /ig/ml; n = 3-4; data
not shown). Similarly, antivenom (5 units/ml) prevented these
venoms from inhibiting contractile responses to exogenous
ACh and CCh (« = 3-4; data not shown).
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praehiigiis wilh (c) the venom of the species from the Indonesian island of Scram. LC-MS profiles for other venoms not shown.

DISCUSSION

A. antarcticus crude venom was previously examined for
lethality, neurotoxicity, myotoxicity, and its effects on blood
coagulation, both experimentally and clinically (Fairley, 1929;
Kellaway, 1929a,b; Campbell, 1966; Broad ct a!., 1979; Suth-
erland, 1983). Recently, A. praelongus and A. pyrrhus venoms
were studied for in vitro neurotoxicity, myotoxicity, and phos-
pholipasc A2 activity (van dcr Wcydcn el al. 2000; Wickra-
maratna and Hodgson, 2001). To date, no pharmacological
studies have been carried out on whole venoms from A.
hawkci, A. wellsi, A. rugoxus, and A. sp. Scram. Therefore, thi:-:
study examined the in vitro neurotoxicity of these crude ven-
oms and compared these to the previously studied A. anteircti-
cux, A. prae/ongux, and A. pyrrhus venoms. In addition, the

efficacy of CSL death adder antivenon.' against the /// vitro
neurotoxicity of these venoins was examined.

Venoms were profiled using on-line liquid chromatography-
mass spectrometry to determine basic biochemical differences.
As previously detailed, all venoins had essentially the same
generalized elution profile. Given that these venoms are from
snakes belonging to the rame genus this is not surprising.
However, close examination and comparison of each profile
showed many differences in peak distribution and complexity
between venoms from different species of death adder. Such
specie' variations in cliromafcg! .phic profiles were previously
rbscrved for A. antarcticus. A. praelongus. and A. pyrrhus
venoms (van dcr Weydcn et al. 2000). In the present study,
LC-MS profiles of venoms from A. antarcticus geographic
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T/*BLE 1
Components Shared by Two or More Acanthophis Venoms

Venom" (m/r)

ant

NSW Qld WA Scr haw pi.-! pyr rug wcl

6873 6C73 6873
6914

81S6
8252
5044
6710
7073
6651
6687

J2SV8
13809

8184
8252
5044
6710
7070
6*52
6686
6676

13810

8183
8252
5044
6710

6r,52

6676

8183
8252
5044
6711
7070
6654
6088
6679

12898

5044 5044
6709

6653

6675
13427

69!3

7U75

6676

5044

6657

66V8
13428

Note. Molecular weights of components ore presented by ordrr of clulion.
' anl = A antarcticus: Ser = A. sp. Sei-am; haw = A. hawkei; pra = A. praelongir.: nyr = A. pyrrlnis: rug = .<. rvgosiis: wcl = A. weltsi.

variants showed a lesser degree of variability. Furthermore, a
greater number of components were shared by A. antarcticus
geographic variants than between species. Previous reports
suggest that variations in venom composition as a result of
geographic location or difference in species are no?, unique to
death adders (Jimenez-Porras, 1964; Williams et cl, 1938;
Yang et al, 1991; Ass?kura e> a!., 1992; Daltry et al. 1996).
The large distances separating ihe A. antarcticus geographic
variants may account for the variations in their venom com-
position. Daltry et al (1996) showed that variations in venom
composition as ?, result of geographic location reflect natural
selection for feeding on local prey. LC-MS venom profiles may
be used to suggest taxonomic relationships among death adder-
species, as was previously suggested for some spider veriorrs
(Escoubas et al. 1997).

Although if is beyond the scope of this study to fully
characterize species variations in venom composition, prelim-
inary observations can be made. The venom profile of A.
antarcticus varies little over its vast range, with the majority of
the venom components being conserved in this species but with
minimal conservation among other species. Certain venoms,
such as that of A. praelongus, appear to be much more complex
than those of other species, such as A. sp. Seram. This may be
the case but may also indicate that A. praelongus, in fact, is a
species complex. Given that venoms used in the study were the
result of pooling of venoms of A. praelongus across its range
this has implications upon homology of samples. The apparent
diversity in venom composition will be the focus of a fol-
low-up study

The lirst cluting components have masses corresponding to
iscfomis of tiic short-chain ncuiotoxin Aa-c (Kim and Taniiya,

1981b). A. praelongus is notable in be;ng the only species with
an intermediate eluting component. The characteristic masses
for each species of this first peak allows for preliminary mlz
fingerprinting and these components have been isolated for
characterization. Molecular weights corresponding with PLA2

toxins are also present in all the venoms, in greater quantities
jnd molecular weight diversities than were expected. These
components have also been isolated and arc presently bring
characterized. A component of mass 5044 is present in the vast
majority of venoms and does not correspond in molecular
weight with other isolated components from clapirfs and thus
may represent a new class of venom molecule.

Clinically, the most important symptoms of death adder
jnvenomations arc those relating to neurotoxicity, such as
ptosis, generalized paralysis, and respiratory failure (Campbell,
1966; Lalioo et al, 1996). However, nothing is known about
the neurotoxicity of A. hawkei, A. wellsi, A. rvgesus, and A. sp.
Seram venoms. Furthermore, we compared the venoms from A.
antarcticus geographic variants lo determine whether varia-
tions in venom composition, as a result of geographic location,
are reflective of ncurotoxic activity. Therefore, the neurotox-
icity of deatl adder venoms was investigated using the chick
biventer cervicis nerve-muscle preparation. In this preparation,
all venoms caused time-dependent inhibition of indiiect
twitches. Furtl ermore, all venoms abolished con'ractile re-
sponses to aceivlcholinc ;vnd carbachol but not KC1, thus
indicating the presence of postsynaptically acting neurotoxins
in these death adder venoms This i.s in agreement with previ-
ous studies showing that the neurotoxicity of A. antarcticus
venom is mainly attributed to :!:o presence of postsynaptic
niurotoxins (Sheumack ct al, 1979, 1990; Kim and Tamiya,
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FIG. 2. (a) Effect of venoms (10 /ig/ml; n = 4-5) from ,4. antarcticus
geographic variants or vehicle (n = 8) on nerve-mediated twitches in the chick
isolated bi venter cervicis nerve-muscle preparation, (b) Effect of venoms (10
/ig/ml; n = 4-5) from other Acanthophis spp. on nerve-mediated twitches in
the chick isolated biventer ccrvicis nerve-muscle preparation.

1981a,b; Tyler et al., 1997). Thus, the neurotoxicity of ti;e
whole venom is dependent not only on the toxicity of each
neurotoxin but also on the quantity of each neurotoxin within
the venom. Therefore, particularly at lower concentrations of
whole venom, the quantity of each neurotoxin within the
venom becomes important. Although there were no significant
differences in neurotoxicity between venoms from A. antarcti-
cus geographic variants at a concentration of 10 /xg/ml, there
were significant differences when other concentrations were
taken into account. A. antarcticus (SA) venom was signifi-
cantly less neurotoxic than A. antarcticus (Qld) and A. ant-
arcticus (NSW) venoms. Therefore, venoms from A. antarcti-
cus geographic variants differ not only in their venom
composition but also in their neurotoxic activity.

Whether the rank order of neurotoxicity is representative of
the rank order of venom LD50 values for this genus remains to
be elucidated. However, it is tempting to speculate that this
could be the case because lethality of death adder venoms is

240-

180-

r 120-

60-

-+-A. antarcticus (Qti)
-*-A. antarcticus (NSW)
-•-A. antarcticus (SA)
-+-A. antarcticus (WA)

0.3 1.0 3.0
Venom (M8'ml)

10

I981a,b; Tyler et al., 1997; Wickramaratna and Hodgson,
2001).

Because of the complex regulatory requirements involved in
gaining approval for murine LD50 studies in many countries,
including Australia, they have been largely superseded by in
vitro studies. One method of measuring the neurotoxicity of
venoms is by determining tw values in isolated skeletal muscle
preparations (Harvey et al., 1994). Comparison of/,0 values, at
10 jug/ml, indicated the fo!'owing rank order of neurotoxicity:
A. sp. Seram > A. antarcticus (Qld) ^ A. antarcticus (WA) ~z.
A. antarcticus (NSW) ^ A. rugosus £: A. antarcticus (SA) ~si
A. wellsi S A. hawkei ^ A. pyrrhus 2; A praelongus. How-
ever, for some venoms the rank order of neurotoxicity altered
with a change in venom concentration. This was especially the
case with regard to the potency of A. wellsi and A. pyrrhus
venoms. This possibly results from the fact that dcalh adder
venoms contain a number of neurotoxins with various quanti-
ties of each (Sheumack et al., 1979, 1990; Kim and Tamiya,

180

120-

1
2

60-

0J

—•- A. hawkei
-o- A. prodongus
-o-A. pyrrhus
-o- A. rugasus
-o-A. sp. Seram
-w-A vretlsi

1.0 to
Venom (jig/ml)

FIG. 3. (a) Graph showing /»„ values (min) against venom concentrations
(H = 4-15) for A. antarcticus geographic variants, (b) Graph showing /»„
values (min) against venom concentrations (n = 4-15) lor other .-!<•anthnphis
species.
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FIG. 4. (a) EfTcct o f venoms (10 ngJmV, n = 5-7) from A. antarcticus
geographic variants, in Ihc presence of antivenom ( I unil/ml), or antiveno'n
control (/i = 8) on ncrvc-mcdiaicd twitches in the chick isolated bive:itcr
cervicis nerve-muscle preparation, (b) tiffed of venoms (10 /tg/ml; n ~~ 5-7)
from A. antarcticus geographic variants, in the presence of an'.ivenorn ( I
unit/ml), or antivenom control (i» = 8) on contractile responses <o exogenous
ACh, CCh, and KCI in ihc chick isolated bivenler cervicis nerve-muscle
preparation. *p < 0.05, significantly different from antivenom control re-
sponse, one-way ANOVA.

largely the result of respiratory failure ^Kellaway, 1929b, 1932;
Campbell, 1966). Although it should be noted that murine
LD50 determinations are based on "quantity" (i.e., what con-
centration of venom kills 50% of mice usually over a 24- to
48-h period), whereas /,<, values arc based on how "quick" a
venom acts. Therefore, it is possible to have an extremely
"leliial" venom (based on LD50 values), which takes a long
time to produce its effects. Therefore, knowledge of both
parameters is desirable. In the present study, it was not possible
to determine the presence of presynaptic ncurotoxins in death
adder crude venoms. Presynaptic ncurotoxins have a slow
onset of action, with a latency period of up to 60 min resulting
from intcrnalizalion and disruption of the presynaptic pro-
cesses (Chang and Su, 1982; Chang, 1985). Therefore, it is
possible that the action of any presynaptic neurotoxins was
masked by the faster acting postsynaptic neurotoxins in the

death adder crude venoms (Lee, 1979). However, fractionation
of these venoms will allow the identification of any presynaptic
neurotoxins.

In Australia, CSL death adder antivenom is indicated for use
in envenomation by any death adder species (AMH, 1998). A
previous in vitro study by us showed that CSL death adder
antivenom (1 unit/ml), although very effective against A.
praelongus and A. pyrrhus venoms, was significantly less
effective against the neurotoxicity of A. antarcticus (Qld)
venom (Wickramarama and Hodgson, 2001). However, no
studies have examined the efficacy of antivenom against ven-
oms from A. hawkei, A. wellsi, A. rugosus, and A. sp. Seram.
Furthermore, it was of interest to determine the efficacy of
antivenom against venoms from other A. antarcticus geo-
graphic variants. Therefore, the efficacy of CSL death adder
antivenom was determined according to the procedure de-
scribed by Barfaraz and Harvey (1994). Prior incubation of
antivenom (1 unit/ml) significantly attenuated twitch inhibition
produced by all venoms. Antivenom (1 unit/ml) totally pre-

-+-A. hawkei
- o - A praelongus
- * - A pyrrhus
- * - A. wellsi

-O-A. rugosus
A. sp. Seram

20

150

S 125

;< 100-
•
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« 25-

0-

Time (mln)

E 3 A hawkei WmA rugosus
I i/i praolongus ESS A. sp. Seram
WMA. pyrrhus ESS A. wellsi
t£33 Antivenom control

ACh CCh KCI

FIG. 5. (a) Rffect of venoms (10 /ig/ml; « = 4-8) from other Actmtlw-
phis spp., in the presence of antivenom ( I unit/ml) on ncrvc-mcdialcd twitches
in Ihc chick isolated biventer cervicis nerve-muscle preparation, (b) Effect ot
venoms (10 fig/ml; n = 4-8) from other Acanthophis spp.. in the presence of
antivenom (I unit/ml), or antivenoni control (n = 8) on contractile responses
to exogenous ACh. CCh, and KCI in the chick isolated biventer cervicis
nerve-muscle preparation. *p < 0.05, significantly different from antivenom
control response, one-way ANOVA.
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vented twitch inhibition by A. hawkei, A. praelongus and A
pyrrhus venoms. In addition, antivenom prevented^ 'hawkei
A praelongus. and A. pyrrhus venoms from inhibiting contrac-
tile responses to exogenous ACh and CCh. Thus, antivenom
raised against A. antarcticus venom is very effective against
the neurotoxicity of A. hawkei, A. praelongus, and A. pyrrhus
venoms. However, antivenom (1 unit/ml) was markedly less
effective against venoms from A. antarcticus (Qld) A ant-
arcticus (SA), A. rugosus, and A. wellsi. Interestingly anti-
venom (1 unit/ml) only delayed the neurotoxicity of venoms

n £ ' I \ V P " , S e r a m > ^ antarcticus (NSW), and A. antarcticus
(WA). Furthermore, in the presence of antivenom (1 unit/ml)
A. antarcticus (Qld, SA, NSW, WA), A. rugosus, A. wellsi, and
A- sp. Seram venoms continued to significantly inhibit contrac-
tile responses to exogenous ACh and CCh.

Given that^. hawkei. A. praelongus. and A. pyrrhus venoms
(10 Mg/ml) were the least neurotoxic, it makes sense that these
venoms were the most affected by the antivenom. However it
is surprising that A. antarcticus (Qld) venom was the most
atiected by antivenom compared to the other A. antarcticus
geographic variants. In this case, A. antarcticus (Qld) venom
was the most neurotoxic, whereas A. antarcticus (SA) venom
was the least neurotoxic. Thus, it may have been expected that
antivcnom would have a greater effect on A. antarcticus (SA)
venom than on A. antarcticus (Qld) venom. Furthermore it is
surprising that antivenom raised against A. antarcticus venom
was markedly less effective against the neurotoxicity of all
venoms from A antarcticus geographical variants compared to
venoms from other death adder species. It is possible that death
adder antivenom may neutralize some neurotoxins within the
venoms better than others. Thus, the effectiveness of anti-
venom may be dependent on its ability to neutralize the dif-
ferent neurotoxins within the whole venoms.

To further study the efficacy of CSL death adder antivenom
the concentration of antivenom was increased. Prior incubation
of antivenom (5 units/ml) prevented twitch inhibition by A
antarcticus (NSW, Qld, SA, WA), A. rugosus. A. sp. Scram
and A. wellsi venoms. Similarly, antivenom (5 units/ml) pre-
vented these venoms from inhibiting contractile responses to
exogenous ACh and CCh. Thus, at higher concentrations an-
tivenom is capable of completely neutralizing all death adder
venoms. Usually, in clinical situations antivcnom is adminis-
tered until symptoms of neurotoxicity (e.g., ptosis) are reversed
(AMH, 1998; Currie, 2000). Clinical studies have shown that
CSL death adder antivenom is very effective in reversing the
effects of death adder envenomation in Papua New Guinea
(Campbell, 1966; Lalloo et«/.. 1996). This is not surprising if,
as suggested by O'Shea (1996) and Lalloo et al (1996), A.
praelongus or a variant of this species is responsible for'en-
venomations in some pans of Papua New Guinea. A detailed
taxonom.c study of the Indonesian/New Guincan death adders
may be required before the taxonomy of this widespread and
complicated genus can be fully understood.

In conclusion, all death adder venoms are predominately
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postsynapticaily neurotoxic. Some venoms were significantly
more neurotoxic than other death adder venoms. CSL death
adder antivenom (1 units/ml) was found to be very effective
against the neuroloxicity of A. hawkei. A. praelongus and A
pyrrhus venoms, while markedly less effective against A ant-
arcticus (NSW, SA, WA), A. rugosus, A. wellsi, and A sp
Seram venoms. However, a higher concentration of antivenom
was effective against all death adder venoms. Death adder
venoms, including those from A. antarcticus geographic vari-
ants, differed not only in their venom composition but also in
their neurotoxic activity. Although this study was based on an
in vitro preparation, it is anticipated that these findings will
nave a clinical significance in the event of death adder enveno-
mation.
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Anticholinesterase Studies

Additional experiments undertaken but not included in the manuscript.
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MATERIALS AND METHODS (Continued)

Chick Isolated Biventer Cervicis Nerve-Muscle Preparation {continued)

In other experiments, neostigmine (10 uM) was added at tso (i.e. time taken to cause

50% inhibition of the initial twitch height) after the addition of venom (3 jig/ml) or d-

tubocurarine (dTC; 8

Drugs (continued)

Neostigmine methyl sulfate was obtained from Sigma Chemical Co., St. Louis, MO,

USA.

Analysis of Results and Statistics (continued)

To determine the effect of anticholinesterase on the neurotoxicity of venoms, the t%

values of venoms alone were compare with tpo values of venoms in the presence of

neostigmine (10 jiM) using a two-way ANOVA statistical test. All statistical tests were

carried out using the SigmaStat (ver. 1.0; Jandel Corporation, CA, USA) software package.
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RESULTS (Continued)

Anticholinesterase Studies

When neostigmine (10 \iM) was added at //<?, i.e. after the addition of dTC (8 JLIM),

the twitch height recovered to 90.3 ± 2.6% of the initial height and was maintained at this

level for the next 30 min (n = 4; Fig. 6a). In contrast, when neostigmine (10 JIM) was

added at tso, i.e. after the addition of venom (3 ug/ml), no sustained recovery of the twitch

height was observed for any of the venoms (n = 4). The transient recovery of twitch height

with neostigmine was quickly overcome by all of the venoms (n = 4; Fig. 6b, c and d; data

not shown for others). The tgo values of venoms in the absence and presence of

neostigmine (10 uM) are shown in Table 2. Neostigmine (10 \xM) added at tso did not

significantly affect the t% value of any of the venoms (n = 4 - 15; two-way ANOVA, P <

0.05). Higher concentrations of neostigmine (eg. 30 - 100 uM) were found to be not

appropriate for this study as they produced a contractile response/?er se which caused

reduction in twitch height.
a
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TABLE 2

Neurotoxicity (J90 values) of Acanthophis venoms with and without neostigmine

Death Adder Venom t90 Value at 3ng/ml t9o Value at 3pig/ml +
Neostigmine (10

(min)

A. antarcticus (NSW)

A. antarcticus (Qld)

A. antarcticus (SA)

A. antarcticus (WA)

A. hawkei

A. praelongus

A. pyrrhus

A. rugosus

A. wellsi

A. sp. Seram

15.8 ±1.3

20.7±1.8f

28.2 ±2.5

29.8 ± 5.0

40.9 ± 5.5

32.6±3.0f

28.5±1.8+

30.6 ±3.5

23.7 ±5.4

21.1 ±1.0

Data shown are mean ± SEM (n = 4 - 15).

r Data from Wickramaratna and Hodgson, 2001.

(min)

17.9 ±0.5

21.4 ±0.7

24.1 ±1.1

23.9 ±2.9

35.1 ±3.4

35.3 ±3.2

27.2 ±4.7

28.1 ±4.1

23.3 ±2.4

17.1 ±1.6

IIl l

I
2 * 1II
I
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(a)

5 min

Neostigmine

(b)
A. antarcticus (Qld)

(3

W>

3 min

Neostigmine
(10

Fig. 6 A typical trace of the effect of (a) dTC (8 \M) or (b) A. antarcticus (Qld; 3

venom, with neostigmine (10 juM) added at fjfl, on nerve-mediated twitches in the chick

biventer cervicis nerve-muscle preparation.

I
I

I
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(c)
A. sp Seram

3min

Neostigmine
(10 nM)

(d)
A. rugosus
(3

3 min

Neostigmine
(10

Fig. 6 A typical trace of the effect of (c) A. sp. Seram (3 fig/ml) venom or (d) A. rugosus (3

|ng/ml) venom, with neostigmine (10 \M) added at t50, on nerve-mediated twitches in the

chick biventer cervicis nerve-muscle preparation. • < f *

I
I
a.
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DISCUSSION (Continued)

Given that the most important clinical symptoms of death adder envenomations are

due to postsynaptic neurotoxicity, anticholinesterase therapy has been suggested as a

supplement to death adder antivcnom (Currie et al, 1988). Indeed, several clinicians have

used anticholinesterases (neostigmine and edrophonium) successfully to reduce the amount

of antivenom administered (Currie et al, 1988; Hudson, 1988; Lalloo et al, 1996; Littlr &

Pereira, 2000). Following anticholinesterase treatment a marked recovery of neuiotoxicity

in death adder envenomed patients has been reported. However, Sutherland and Tibballs

(2001) cautioned that anticholinesterase treatment was no substitute for antivenom therapy

as the effects are transient. They also suggested that a neurophysiological study should be

undertaken to confirm the effectiveness of anticholinesterases against death adder

envenomation. Therefore, in the present study the effects of anticholinesterase on the in

vitro neurotoxicity of death adder venoms on the chick isolated stimulated biventer cervicis

nerve-muscle preparation were examined. When the anticholinesterase neostigmine was

added at the /jo time point a transient recovery of the venom-induced neuromuscular

blockade was observed. This is in contrast to the effect on d-tubocurarine induced

blockade, where a sustained recovery of the neuromuscular blockade was observed

following neostigmine. Furthermore, neostigmine had no significant effect on the overall

neurotoxicity of any death adder venom as determined by the /p<? values. This confiims the

suggestion by Sutherland and Tibballs (2001) that the reversal of the death adder venom

induced neuromuscular blockade with neostigmine is transient in nature.

Perhaps, a more convincing reversal with neostigmine would have been obtained had

a much lower concentration of these venoms been examined. For example, in in vivo rat

studies neostigmine prolonged the survival at only the lower concentrations of A.

antarcticus venom (Flachsenberger & Mirtschin, 1994). However, given the pseudo-

1
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irreversible nature of the antagonism caused by neurotoxins present in death adder venoms

(refer chapter 3), it is no surprise that the neurotoxicity is not easily reversed. This is in

contrast to the effects of neostigmine on the competitive antagonism caused by d-

tubocurarine. Perhaps, further studies could be carried out examining the combination of

anticholinesterase and antivenom.

I

I

I
1
i

Iim

SI
fill

I

93



Neurotoxicity of Venoms

REFERENCES (Continued)

CURRIE, B., FITZMAURICE, M. & OAKLEY, J. (1988). Resolution of neurotoxicity with

anticholinesterase therapy in death-adder envenomation. Med. J. Aust., 148, 522-

525.

FLACHSENBERGER, W, & MlRTSCHlN, P. (1994). Anticholinesterases as antidotes to

envenomation of rats by the death adder (Acanlhophis antarcticus). Toxicon, 32,

35-39.

HUDSON, B.J. (1988). Positive response to edrophonium in death adder {Acanthophis

antarcticus) envenomation. Aust. N. Z. J. Med., 18, 792-794.

LALLOO, D.G., TREVETT, A.J., BLACK, J., MAPAO, J., SAWERI, A., NARAQI, S., OWENS, D.,

KAMIGUTI, A.S., HUTTON, R.A., THEAKSTON, R.D.G. & WARRELL, D.A. (1996).

Neurotoxicity, anticoagulant activity and evidence of rhabdomyolysis in patients

bitten by death adders (Acanthophis sp.) in southern Papua New Guinea. QJM, 89,

25-35.

LITTLE, M. & PEREIRA, P. (2000). Successful treatment of presumed death-adder

neurotoxicity using anticholinesterases. Emerg. Med. (Fremantle), 12,241-245.

SUTHERLAND, S.K. & TIBBALLS, J. (2001). Australian Animal Toxins: The creatures, their

toxins and care of the poisoned patient. Melbourne: Oxford University Press.

94



CHAPTER 3

Isolation and Pharmacological Characterisation of

Neurotoxins from the Venoms of Acanthophis sp. Seram

and Acanthophis rugosus Death Adders
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Summary

1 The present study describes the isolation and characterisation of acantoxin IVa from A.

sp. Seram venom and acantoxin Va from A. rugosus venom. The efficacy of antivenom

against the in vitro neurotoxicity of acantoxin IVa and acantoxin Va was also determined.

2 Acantoxin IVa (MW 6815; 0.1 - 1.0 uM) and acantoxin Va (MW 7991; 0.1 - 1.0 u.M)

caused concentration-dependent inhibition of indirect twitches (0.1 Hz, 0.2ms,

supramaximal V) and blocked contractile responses to exogenous nicotinic agonists in the

chick biventer cervicis nerve-muscle (n = 5 - 8), confirming that these toxins are

postsynaptic neurotoxins.

3 Prior incubation (10 min) of death adder antivenom (1 unit/ml; n = 7) had no

significant effcct on the twitch inhibition caused by acantoxin IVa (0.3 u,M). However, a

higher concentration of antivenom (5 units/ml; n = 4) prevented the twitch inhibition by

acantoxin IVa (0.3 uM). In contrast to acantoxin IVa, antivenom (1 unit/ml; n = 4)

prevented the twitch inhibition by acantoxin Va (0.3 uM).

4 Acantoxin IVa (1 -10 nM; n = 4 - 6) and acantoxin Va (30 - 70 nM; n = 4 - 5) caused

pseudo-irreversible antagonism at skeletal muscle nicotinic acetylcholine receptors

(nAChR) with a depression in maximum response of the cumulative concentration-

response curve to carbachol. With an estimated pA2 of 8.36 ± 0.17, acantoxin IVa was

about 2 fold less potent than the long-chain neurotoxin, ot-bungarotoxin. Acantoxin Va

(pA2 = 7.72 ±0.12) was about 10 fold less potent than cc-bungarotoxin.

5 With a p£j value of 4.48, acantoxin IVa (n = 4) was approximately 25,000 fold less

potent than a-bungarotoxin at oc7-type neuronal nAChR. Acantoxin Va (pATj = 7.02 ±0.15;

n = 4) was approximately 350 fold more potent than acantoxin IVa. In contrast to a-

I
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bungarotoxin and acantoxin Va, acantoxin IVa completely inhibited specific [3H]-

methyllycaconitine ([3HJ-MLA) binding in rat hippocampus homogenate (n = 4).

6 Acantoxin IVa (1 nM - 0.1 mM; n = 4) and acantoxin Va (1 nM - 0.01 mM; n = 4) had

no activity at a4p2 subtype neuronal nAChR or cytisine-resistant [3H]-epibatidine binding

sites. Acantoxin IVa (1 /iM; n = 4) was also devoid of activity at ganglionic nAChR. Since

only a small amount of acantoxin Va was isolated it was not possible to examine its

activity at ganglionic nAChR.

7 In conclusion, the first neurotoxins from A. sp. Seram and A. rugosus death adder

venoms were isolated and characterised. In addition, while long-chain neurotoxin resistant

[3H]-MLA binding in hippocampus homogenate requires further investigation, we have

shown that a short-chain neurotoxin is capable of fully inhibiting specific [3H]-MLA

binding.

Abbreviations: CBCNM - chick biventer cervicis nerve-muscle; CCh - carbachol; dTC -

d-tubocurarine; nAChR - nicotinic acetylcholine receptor; MLA - methyllycaconitine

I
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Introduction

Using the chick isolated biventer cervicis nerve-muscle (CBCNM) preparation we have

previously shown that A sp. Seram and Irian Jayan death adder (A. rugosus) venoms cause

concentration-dependent inhibition of indirect twitches and block contractile responses to

exogenous nicotinic agonists (Fry et al, 2001). This suggests the presence of postsynaptic

neurotoxins in these venoms. The rank order of neurotoxicity showed that A. sp. Seram

venom was one of the most neurotoxic of the ten death adder venoms tested (Fry et al,

2001; Hodgson & Wickramaratna, 2002). We have also shown that CSL death adder

antivenom, raised against A. antarcticus venom, was markedly less effective against the

neurotoxic effects of both A. sp. Seram and A. rugosus venoms compared to A. hawkei, A.

praelongus and A. pyrrhus venoms (Fry et al, 2001). We postulated that the antivenom

may lack the ability to neutralise some neurotoxic components of A. sp. Seram and A.

rugosus venoms (Fry et al, 2001).

Snake a-neurotoxins, also called curaremimetic or postsynaptic neurotoxins, are

generally classified as short-chain or long-chain neurotoxins based on their amino acid

sequence (Dufton & Harvey, 1989; Endo & Tamiya, 1991). Short-chain neurotoxins

consist of 60 to 62 amino acid residues and 4 disulfide bridges (Endo & Tamiya, 1991).

Long-chain neurotoxins have 66 to 74 amino acid residues and usually 5 disulfide bridges

(Endo & Tamiya, 1991). The major functional difference between the two types of oc-

neurotoxins was thought to be in the kinetics of association and dissociation with the

skeletal muscle nicotinic receptor (Chicheportiche et al, 1975). However, it has now been

shown that long-chain neurotoxins containing a fifth disulfide bridge bind to neuronal cc7-

type nicotinic acetylcholine receptors with higher affinity than short-chain neurotoxins

(Servent et al, 1997). Therefore, it should be possible to classify snake postsynaptic

I
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neurotoxins on the basis of pharmacological activity on nicotinic acetylcholine receptors

(nAChR).

The skeletal muscle nAChR is a heteropentameric protein consisting of five

membrane-spanning subunits with the stoichiometry of 2a 1, ip i , ly, and 15 or le,

depending on adult or fetal forms of the receptor, respectively (Arias, 2000). While lacking

in y, 5 and e subunits, neuronal nicotinic acetylcholine receptors (neuronal nAChR) are

pentameric assemblies of various complements of a and p subunits (Paterson & Nordberg,

2000). To date, eight neuronal nAChR a (cc2-ct7, ct9, a 10) subunits and three p (p2-p4)

subunits have been identified in the mammal, and an additional a subunit, a8, has been

identified in the chick optic lobe (Schoepfer et al, 1990; Lindstrom et al, 1996; Lips et al,

2002). Although this allows for a large number of possible neuronal nAChR subtypes, only

the heteropentamer cc4|32 and homopentamer al subtypes from the mammalian brain have

been studied extensively (Whiteaker et al, 2000; Dwoskin & Crooks, 2001). While it is

well known that most snake a-neurotoxins bind with extremely high affinity to skeletal

muscle nAChR, long-chain neurotoxins such as a-bungarotoxin have also been valuable

probes for studying neuronal nAChR containing al, a8 or a9 subunits (Couturier et al.,

1990; Seguela et al., 1993; Elgoyhen et al., 1994; Servent et al, 1997; Utkin et al, 2001).

On the other hand, K-neurotoxins such as neuronal bungarotoxin are selective for a3p2

neuronal nAChR (Harvey & Luetje, 1996; Luetje et al, 1998). Due to its availability and

historic significance in this field, the nicotinic receptor pharmacology of a-bungarotoxin

has been studied extensively. However, most other snake a-neurotoxins are poorly studied

in this respect.

To date, two short-chain neurotoxins (acanthophin a and toxin Aa c) and three long-

chain neurotoxins (toxin Aa b, acanthophin d and Aa e) have been isolated from A.

antarcticus venom (Sheumack et al, 1979; Kim & Tamiya, 1981a,b; Sheumack et al,
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1990; Tyler et al, 1997). While acanthophin a and acanthophin d have been shown to

block skeletal muscle nAChR, no such studies were performed for toxin Aa b, toxin Aa c

and Aa e. These latter toxins were classified as postsynaptic neurotoxins on the basis of

lethality in mice and sequence homology to other a-neurotoxins. Furthermore, none of

these toxins have been studied at neuronal nAChR. No postsynaptic neurotoxins have been

isolated from any other death adder venom.

The aim of this study was to isolate neurotoxins from the venoms of A. rugosus and

A. sp. Seram death adders and to examine their pharmacological activity on nAChR. In

light of our previous findings, the efficacy of CSL death adder antivenom against the in

vitro neurotoxicity of these toxins was also examined.

I
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Methods

Venom preparation and storage

A. sp. Seram and A. rugosus venoms were purchased from Venom Supplies Pty. Ltd.,

South Australia. Freeze dried venoms and stock solutions of venoms prepared in 0.1%

bovine serum albumin (BSA) in 0.9% saline were stored at -20° C until required.

Fractionation of venom

Freeze dried venom was dissolved in distilled water and passed through a 0.45 jam

Millipore (Bedford, MA, USA) filter. Reversed-phase high performance liquid

chromatography (RP-HPLC) separations were performed on a Waters 600 HPLC system

(Waters Corporation, MA, USA) using Vydac preparative (250x20 mm, 10 um, 300 A)

and Phenomenex Jupiter semi-preparative (250x10 mm, 5 u, 300 A) C18 columns. The

column was equilibrated with solvent A (0.1% trifluoroacetic acid - TFA), and the sample

then eluted with the following gradient conditions of solvent B (90% acetonitrile in 0.09%

TFA) and solvent A at a flow rate of 10 ml/min: 0 to 60% solvent B over sixty min (1%

gradient) and then 60% to 80% solvent B in five min (4% gradient). The eluant was

monitored at 214 nm and 280 nm.

The purified component was re-run on a Hewlett Packard series 1100 ChemStation

(Agilent Technologies, CA, USA) using a Phenomenex Jupiter analytical (150x2 mm, 5 u,

300 A) C18 column. The column was equilibrated with solvent A (0.1% TFA) and loaded

with 100 jul of 100 |ig/ml isolated component. The sample was then eluted with the

following gradient conditions of solvent B (90% acetonitrile in 0.09% TFA) and solvent A

at a flow rate of 0.2 ml/min: 0 to 20% solvent B over five min (4% gradient), 20% to 60%

ft

I]r

101

m\



Isolated Neurotoxins

solvent B in forty min (1 % gradient) and then 60% to 80% solvent B over five min (4%

gradient). The eluant was monitored at 214 nm.

Molecular mass determination by electrospray mass spectrometry

The sample was dissolved in 50% acetonitrile and analysed using a Perkin-Elmer Sciex

API 300 (PE-Sciex, Thronton, Canada) triple quadrupole instrument equipped with an

ionspray interface. The ionspray voltage was set at 4600 V and the orifice potential at 30

V. Nitrogen gas was used as a curtain gas with a flow rate of 0.6 1/min while compressed

air was the nebuliser gas. The sample (10 ul) was injected manually into the LC-MS

system and analysed in positive ion mode. Data processing was performed with the aid of

the software package Biomultiview (PE-Sciex, Thronton, Canada).

Amino acid sequence determination

Pure peptide (400 jag) was dissolved in 400 ul of 6 M guanidinium hydrochloride and then

8 |il of 2-mercaptoethanaol was added. The sample was then vortexed and briefly

centrifuged. Subsequently, 80 ul of 4-vinylpyridine was added, nitrogen gas passed over

the sample for 2 min, the sample sealed airtight and then incubated at 37° C for 2 h. The

reduced/alkylated peptide was N-terminally sequenced using Edman degradation chemistry

on an Appii xi Biosystems 477A Protein Sequencer (Applied Biosystems, CA, USA).

I

Chick isolated biventer cervicis nerve-muscle preparation

Male chicks aged between 4 and 9 days were killed with CO2 and both biventer cervicis

nerve-muscle preparations were removed. These were mounted under 1 g resting tension in

organ baths (5 ml) containing Krebs solution of the following composition (mM): NaCl,
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118.4; KC1, 4.7; MgSO4, 1.2; KH2PO4, 1.2; CaCl2, 2.5; NaHCO3, 25 and glucose, 11.1.

The Krebs solution was bubbled with carbogen (95% O2 and 5% CO2) and maintained at

34°C.

Indirect twitches were evoked by stimulating the motor nerve every 10 s with

pulses of 0.2 ms duration at a supramaximal voltage (Harvey et al, 1994) using a Grass

S88 stimulator. After a 30 min equilibration period, d-tubocurarine (dTC; 10 JIM) was

added. Subsequent abolition of twitches confirmed selective stimulation of nerves.

Twitches were then re-established by thorough washing. Contractile responses to

acetylcholine (ACh; 1 mM for 30 s), carbachol (CCh; 20 îM for 60 s) and potassium

chloride (KC1; 40 mM for 30 s) were obtained in the absence of stimulation (Harvey et al,

1994). Electrical stimulation was then recommenced and the preparations were allowed to

equilibrate for a further 30 min period before commencement of the experiment. Toxins

(0.1 - 1.0 [xM) were left in contact with the preparations until complete twitch blockade

occurred, or tar a 1 h period. Contractile responses to ACh, CCh and KC1 were then

obtained as previously described. In additional experiments, the reversibility of the toxins

(0.3 JIM) was determined by washing the preparation at 10 min intervals for a 3 h period

after full twitch inhibition had occurred. In some experiments, neostigmine (10 u.M) was

added at t^o (i.e. time taken to cause 50% inhibition of the initial twitch height) after the

addition of toxin (0.3 uM) or dTC (8 uM). Where indicated, CSL death adder antivenom

( 1 - 5 units/ml) was added 10 min prior (Barfaraz & Harvey, 1994; Crachi et al, 1999a;

Fry et al, 2001; Wickramaratna & Hodgson, 2001) to the addition of toxin (0.3 uM).

To further study the activity of the toxins at skeletal muscle nAChR, a cumulative

concentration-response curve to CCh (0.6 - 80 juM) was obtained in the chick unstimulated

biventer cervicis nerve-muscle preparation. After completion of the curve the tissue was

thoroughly washed. Then dTC ( 1 - 1 0 uM), a-bungarotoxin ( 2 - 7 nM), acantoxin IVa (1
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- 10 nM) or acantoxin Va (30 - 70 nM) was added and allowed to equilibrate for a 1 h

period. The cumulative concentration-response curve to CCh was then repeated in the

presence of toxin. Responses to CCh were expressed as a percentage of the maximum CCh

response prior to the addition of toxin.

Guinea-pig isolated Hewn

Dunkin-Hartley guinea-pigs (0.5-1.1 kg) were gassed with CO2 (80% in 20% O2) and

killed by exsanguination, and then approximately 2 cm long segments of ileum dissected

out. These were attached to wire tissue holders and mounted under 1 g resting tension in

organ baths (5 ml) containing Krebs solution maintained at 34°C. Preparations were

equilibrated for 30 min and a maximal response to histamine (10 JIM) was obtained. To

study the activity of acantoxin IVa at ganglionic nAChR, a discrete concentration-response

curve to (±)-epibatidine (1 nM - 3 uM) was obtained. To avoid receptor desensitization a

15 min interval was allowed between additions of (±)-epibatidine and responses were

terminated by washing after 30 s. After completion of the curve, the tissue was thoroughly

washed, mecamylamine (0.3 - 10 uM) or toxin (1 uM) added and allowed to equilibrate

for a 1 h period. The discrete concentration-response curve to (±)-epibatidine was then

repeated in the presence of mecamylamine or toxin. Contractions to (i)-epibatidine were

expressed as a percentage of the maximal histamine (10 uM) response.

Membrane preparation for radio-ligand binding assays

Female Sprague-Dawley rats weighing 180 - 220 g were gassed with CO2 (80% in 20%

O2) and killed by decapitation. The brains were removed and either tihe hippocampus or

midbrain was dissected out. These were then homogenised in 50 volumes of ice-cold
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homogenising buffer, made up of (in mM): NaCl, 14.4; KC1, 0.2; CaCl2, 0.2; MgSO4, 0.1;

HEPES, 2; phenylmethyl-sulfonyl fluoride (PMSF), 1; pH 7.5, using a Polytron (model

CH-6010 Kinematics, Switzerland). Homogenised membranes were centrifuged (20000 g,

15 min, 4 °C) and pellets were resuspended in fresh homogenising buffer (Whiteaker et al,

1999). These were incubated at 37 °C for 10 min and then centrifuged as before. Pellets

were washed another two times by resuspension and centrifugation, without the incubation

step. Pellets were stored at -80 °C until required. Protein content was quantified by the

BCA protein assay (Pierce, IL, USA) according to manufacturer's instructions.

[3H]-Methyllycaccnitine binding assays

Competition binding studies with [3H]-methyllycaconitine ([3H]-MLA) were done

according to the method described by Whiteaker et al. (1999). Hippocampus membrane

pellets were resuspended in binding buffer made up of (in mM): NaCl, 144; KC1, 1.5;

CaCl2, 2; MgSO4, 1; Tris-HCl, 200; HEPES, 20; bovine serum albumin, 0.1% (w/v); pH

7.5. Membrane samples (400 jig of protein) were pipetted into 96-well plates and

incubated for 2 h in a 100 ul final volume containing 2 nM [3H]-MLA (KD - 2.2 ± 0.6 nM,

from previous unpublished studies in the lab), binding buffer and various concentrations of

a-bungarotoxin, cold MLA or toxin. Non-specific binding was determined in the presence

of 1 mM (-)-nicotine. Experiments were done in duplicate, except for total and non-

specific binding which were done in quadruplicate. The incubations were terminated by

harvesting membranes onto polyethyleneimine-soaked (0.5% w/v, for 2 h) GF/C filters

(UniFilter-96, PerkinElmer Life Sciences, MA, USA) using a Filtermate 196 Harvester

(Packard, CT, USA). Following this, the filters were washed five times with ice-cold
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binding buffer. Filters were then dried overnight and counted on a Packard TopCoiint

(Packard, CT, USA).

[ H]-Epibatidine binding assays

Binding studies with [3H]-epibatidine were done by modifying a method previously

described by Marks et al. (1998). Midbrain membrane pellets were resuspended in binding

buffer. For saturation binding studies, membrane samples (300 \xg of protein) were

pipetted into 96-well plates and incubated for 2 h in a 100 \i\ final volume containing

binding buffer and [3H]-epibatidine (1 - 800 pM). For competition binding studies,

membrane samples (300 jig of protein) were incubated for 2 h in a 100 \i\ final volume

containing [3H]-epibatidine (0.4 nM), binding buffer and various concentrations of (-)-

nicotine or toxin. Non-specific binding was determined in the presence of 300 j.iM (-)-

nicotine. As previously described, incubations were terminated by harvesting membranes

onto polyethyleneimine-soaked GF/C filters, and these were then washed six times with

ice-cold binding buffer. Cytisine-resistant [3H]-epibatidine sites were determined by

adding cytisine (100 nM) to a 200 ul final volume incubation containing membrane

samples (600 ug of protein), binding buffer and 0.4 nM [3H]-epibatidine (Marks et al.,

1999).

Chemicals and drugs

The following drugs and chemicals were used: acetonitrile (Fisher Scientific, UK); cc-

bungarotoxin, acetylcholine chloride, bovine serum albumin (BSA), carbamylcholine

chloride (carbachol), cytisine, d-tubocurarine chloride, HEPES, histamine dihydrochloride,

mecamylamine hydrochloride, neostigmine methyl sulfate, (-)-nicotine di-(+)-tartrate,
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phenylmethyl-sulfonyl fluoride, polyethyleneimine (PEI; 50% w/v solution), Trizma HC1,

Trizma Base (Sigma Chemical Co., St. Louis, MO, USA); trifluoroacetic acid, 4-

vinylpyridine (Fluka Chemika-Biochemika, Buchs, Switzerland); (±)-epibatidine

dihydrochloride (Research Biochemicals International, Natick, MA, USA); [3H]~

methyllycaconitine (26.5 Ci/mmol), methyllycaconitine citrate (Tocris Cookson Ltd.,

Avonmouth, Bristol, UK); [3H]-epibatidine (66.6 Ci/mmol; DuPont NEN, Boston, MA,

USA). Sequencing grade chemicals were obtained from Applied Biosysterns (Australia).

Death adder antivenom, which is raised against A. antarcticus venom in horses, was

obtained from CSL Ltd (Melbourne, Australia). [3H]-MLA and [3H]-epibatidine were

diluted in binding buffer. Except where indicated, stock solutions were made up in distilled

water.

Analysis of results and statistics

In isolated tissue experiments, responses were measured via a Grass Force-Displacement

Transducer (FT03 C; Grass Instrument Co., Quincy, MA, USA) and recorded on a MacLab

System (ADInstruments, USA). In neurotoxicity studies involving the CBCNM

preparation, twitch height was expressed as a percentage of the initial twitch height prior to

the addition of toxin. Where indicated, statistical significance was determined by one-way

analysis of variance (ANOVA) or Student's unpaired t-tests on the t% values. Contractile

responses to ACh, CCh and KC1 were expressed as a percentage of the corresponding

initial response. These were compared against the vehicle control response via a one-way

ANOVA. Concentration-dependent effect of mecairyjnmine at ganglionic nAChR was

determined by a one-way ANOVA of the (±)-epibatidine (0.3 JIM) response in the absence

and presence of various concentrations of mecamylamine. The reduction in maximal

response to CCh in the presence of varying concentrations of a-bungarotoxin or toxin was
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analysed by a one-way ANOVA of the CCh (0.1 mM) response. All ANOVAs were

followed by a Bonferroni-corrected multiple t-test. Statistical significance was indicated

when P < 0.05. All statistical tests were carried out using the SigmaStat (ver. 1.0; Jandel

Corporation, CA, USA) software package.

Cumulative concentration-response curves to CCh in the CBCNM preparation in the

absence and presence of various concentrations of dTC, oc-bungarotoxin or toxin were

analysed by using one or more of the following methods: Schild plot analysis (Schild,

1957), Lew and Angus method (Lew & Angus, 1995) or modified Lew and Angus method

(Christopoulos et al, 1999; Christopoulos et al, 2001). Concentration-response curves to

CCh were fitted by non-linear regression to the standard sigmoidal dose-response (variable

slope) equation using PRISM 3.02 (GraphPad Software, San Diego, CA). To determine

antagonist potency by the Lew and Angus method the negative logarithm of EC50 values

(i.e. /?EC5o values) obtained from the above curve fittings were fitted to the following

equations (Lew & Angus, 1995; Christopoulos et al, 1999):

0)

or

pEC50 = -log([B]s + 10"pA) - log c (2)

where [B] represents antagonist concentration, s is equivalent to Schild slope factor, log c

is a fitting constant and pATb is equivalent to pA2. In equation 1 the pK*> is given directly as

a fitted parameter. However, in equation 2 when s is not significantly different from unity

then it is constrained to be as such and hence the pK value is equivalent to pK^

(Christopoulos et al, 1999; Christopoulos et al., 2001). When s is significantly different

from unity the pA2 value can be estimated by pA2 - pK I s. Deviations from competitive
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antagonism were determined by comparing the goodness-of-fit of equation 1 with equation

2 using an Ftest (Lew & Angus, 1995).

Where under non-equilibrium conditions the agonist concentration-response curves

in the presence of an antagonist display varying maximal responses, the pA2 value of this

antagonist can be estimated by using the modified Lew and Angus method (Christopoulos

et al, 1999; Christopoulos et al, 2001). Here the dependent variable (i.e. pECso) in the

equations was replaced with/7EC25% (i.e. equieffective agonist concentrations based on the

level representing the 25% maximal response of the control agonist concentration-response

curve) as described in Christopoulos et al. (1999). This was done since it is not possible to

compare EC50 values under conditions of varying maximal responses using Schild plot

analysis.

Data from saturation and competition binding studies were analysed by non-linear

curve fitting using PRISM. Saturation binding data were fitted to a single-site ligand

binding model to determine the dissociation constant (/TD) and maximum binding (Bmax)

values. Competition binding data were fitted to both one-site and two-site binding models,

and the best fit determined by an F test using PRISM. IC50 values were converted to K\

values using the following equation (Cheng & Prusoff, 1973):

where [D] represents radio-ligand concentration. Data are expressed as mean ± S.E.M.
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Results

Isolation and purification of acantoxin IVa and acantoxin Va

Acantoxin IVa and acantoxin Va were isolated from A. sp. Seram and A. rugosus venoms,

respectively, by successive RP-HPLC separations. The initial fractionation of A. sp. Seram

venom using a preparative column produced ten major peaks. The second peak was

subjected to further purification by RP-HPLC. In order to determine homogeneity and

location of acantoxin IVa in relation to other peaks of the whole venom both A. sp. Seram

venom and acantoxin IVa were run on the same conditions using a Phenomenex Jupiter

analytical column (Figs. 3.1a & b). Acantoxin IVa eluted as a clean peak separating away

from minor contaminants at about 28f/o solvent B (i.e. at approximately 13 min).

The initial fractionation of A. rugosus venom using a preparative column produced

eleven major peaks. The third peak was subjected to further purification by RP-HPLC. In

order to determine homogeneity and location of acantoxin Va in relation to other peaks of

the whole venom both A. rugosus venom and acantoxin Va were run on the same

conditions using an analytical column (Figs. 3.2a & b). Acantoxin Va eluted as a clean

peak separating away from minor contaminants at about 35% solvent B (i.e. at

approximately 20 min).

Purity and molecular mass determination

Homogeneity and molecular mass of acantoxin IVa and acantoxin Va were determined by

electrospray mass spectrometry (Figs. 3.3a & b). The mass spectra of purified acantoxin

IVa displayed several charged states and these could be reconstructed into a single

molecular mass of 6815.17 ± 0.55 daltons. Similarly, the molecular mass of acantoxin Va
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was determined to be 7991.00 ± 1.45 daltons. The estimated molecular masses of

previously isolated death adder neurotoxins are indicated in Table 3.1 for comparison.

N-terminal amino acid sequence

The N-terminal amino acid sequence of acantoxin IVa and acantoxin Va was determined

(Table 3.1). Molecular weight gains after reduction/alkylation indicated that acantoxin IVa

contains nine cysteines. Within the first 20 amino acid residues, the location of half-

cystines of acantoxin IVa was typical of short-chain neurotoxins. The N-terminal sequence

of acantoxin IVa was compared with other protein sequences at the National Center for

Biotechnology Information (NCBI) database using the BLAST service. Although

acantoxin IVa was smaller in molecular mass than toxin Aa c isolated from A. antarcticus

venom both toxins were identical in sequence to the first 20 amino acid residues.

Acantoxin IVa also shared high identity with the short-chain neurotoxin toxin Pa a (85%)

from Australian king brown snake {Pseudechis australis) venom and taipan toxin 1 (75%)

from coastal taipan (Oxyuranus s. scutellatus) venom. Acantoxin IVa shared much lower

identity with other previously isolated death adder long-chain neurotoxins such as toxin Aa

b and acanthophin d.

In contrast to acantoxin IVa, molecular weight gains after reduction/alkylation

indicated that acantoxin Va contains ten cysteines. Within the first 20 amino acid residues,

the location of half-cystines of acantoxin Va was typical of long-chain neurotoxins (Table

3.1). Acantoxin Va shared highest identity with the long-chain neurotoxins toxin Aa b

(80%) and Aa e (75%) isolated from common death adder (A. antarcticus) venom.
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Fig. 3.1 RP-HPLC cliromatograph of (a) A. sp. Seram venom or (b) acantoxin IVa run on a

Jupiter analytical CI8 column, equilibrated with solvent A (0.1% TFA) and eluted with the

following gradient conditions of solvent B (90% acetonitrile in 0.09% TFA) and solvent A:

0 to 20% solvent B over five min, 20% to 60% solvent B in forty min and then 60%

80% solvent B over five min.
'o to
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Fig. 3.2 RP-HPLC chromatograph of (a) A. rugosus venom or (b) acantoxin Va run on a

Jupiter analytical Cl8 column, equilibrated with solvent A (0.1% TFA) and eluted with the

following gradient conditions of solvent B (90% acetonitrile in 0.09% TFA) and solvent A:

0 to 20% solvent B over five min, 20% to 60% solvent B in forty min and then 60% to

80% solvent B over five min.
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Fig. 3.3 Electrospray mass spectrometry of (a) acantoxin IVa showing a series of multiple-

charged ions which could be reconstructed to a single molecular mass of 6815.17 ± 0.55

daltons, and (b) acantoxin Va showing a series of multiple-charged ions which could be

reconstructed to a single molecular mass of 7992.00 ± 1.45 daltons.
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T,sble3.1 Partial N-terminal sequence of neurotoxic components isolated from death adder
and some other elapid snake venoms

Species Neurotoxin Estimated
molecular mass

N-terminal sequence

A. sp. Seram
A. antarcticvs
Pseudechis australis
Oxyuranus s. scutellatus
A. antarcticus
A. rugosus
A. antarcticus
A. ant a.cticits
A. antarcticus

acantoxin IVa
toxin Aa c"
toxin Pa ab

taipan toxin 1c

acanthophin ad

acantoxin Va
toxin Aa bc

acanthophin df

Aaeg

6815
6898
6758
6726
7155
7992
8135
83S7
8752

MQCCNQQSSQ PKTTTTCPGG
MQCCNQQSSQ PKTTTTCPGG
MTCCNQQSSQ PKTTTICAGG
MTCYNQQSSE AKTTTTCSGG

Not determined
VICYLGYNYA -QPCPPGENVC
VICYRGYNN? -QTCPPGENVC
VICYRKYTNN VKTCPDGENVC
VICYVGYNNP -QTCPPGGNVC

a Kim & Tamiya (1981b); b Takasaki & Tamiya (1985); c Zamudio et al. (1996); d

Sheumack et al. (1979);e Kim & Tamiya (1981a);f Sheumack et al. (1990); g Tyler et al.

(1997)
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Chick isolated biventer cervicis nerve-muscle preparation

Neurotoxicity studies

While the vehicle (i.e. BSA) had no inhibitory effect on twitch height, acantoxin IVa (0.1 -

; Fig. 3.4a) and acantoxin Va (0.1 - 1 jiM; Fig. 3.5a) caused time-dependent

inhibition of indirect twitches (n = 5 - 8). The t% values for 0.1, 0.3 and 1.0 JIM acantoxin

IVa were 42.7 ± 3.1, 21.6 ± 3.6 and 9.7 ± 1.1 min, respectively (n = 5). The % values for

0.1, 0.3 and 1.0 |uM acantoxin Va were 73.9 ± 8.9, 24.3 ± 2.5 and 12.1 ± 0.8 min,

respectively (n - 5). Acantoxin IVa caused concentration-dependent inhibition of indirect

twitches (n = 5; one-way ANOVA of % values, P < 0.05; Fig. 3.4a). Similarly, acantoxin

Va caused concentration-dependent inhibition of indirect twitches (n = 5; one-way

ANOVA of t90 values, P < 0.05; Fig. 3.5a).

Acantoxin IVa (0.1 - 1 uM) significantly inhibited contractile responses to

exogenous ACh (1 mM) and CCh (20 uM), but not KCl (40 mM), compared to vehicle (n

= 5 - 8 ; one-way ANOVA, P < 0.05; Fig. 3.4b; data not shown for 0.1 and 1 uM

acantoxin IVa). Similarly, acantoxin Va ( 0 . 1 - 1 uM) significantly inhibited contractile

responses to exogenous ACh and CCh, but not KCl, compared to vehicle (n = 5 - 8; one-

way ANOVA, P < 0.05; Fig. 3.5b; data not shown for 0.1 and 1 |nM acantoxin Va).

Toxin reversal and antivenom studies

Washing of the preparation every 10 min for 3 h, after acantoxin IVa (0.3 jiM) or

acantoxin Va (0.3 jiM) had caused complete twitch blockade, resulted in 0% and 4.7 ±

2.7% recovery of indirect twitches, respectively (n = 4; data not shown). When

neostigmine (10 ^M) was added at A$o, i.e. after the addition of acantoxin IVa (0.3 \xM) or

acantoxin Va (0.3 u.M), no sustained recovery of the twitch height was observed in either
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case (n = 4; Figs. 3.4a & 3.5a). In fact, with a /?<? value of 19.3 ± 0.7 min for acantoxin IVa

(0.3 \M) plus neostigmine (10 uM) there was no significant difference between the t90

values when compared with acantoxin IVa (0.3 \iM) alone (n = 4 - 5; Student's unpaired t-

test). Similarly, with a t% value of 23.9 ± 2.3 min for acantoxin Va (0.3 j^M) plus

neostigmine (10 uM) there was no significant difference between the t% values when

compared with acantoxin Va (0.3 uM) alone (n = 4 - 5; Student's unpaired t-test). In

contrast, when neostigmine (10 jiM) was added at tso, i.e. after the addition of dTC (8 \iM),

the twitch height recovered to 90.3 ± 2.6% of the initial height and was maintained at this

level for the next 30 min (n = 4; data not shown). WhiJe contractile responses to exogenous

ACh (1 mM) and CCh (20 uM) were unaffected by the combination of dTC (8 ^M) and

neostigmine (10 uM; n = 4; data not shown), contractile responses to exogenous nicotinic

agonists were abolished by acantoxin IVa (0.3 jiM) plus neostigmine (10 JIM; n = 4; Fig.

3.4b) and acantoxin Va (0.3 JIM) plus neostigmine (10 juM; n = 4; Fig. 3.5b).

Prior incubation (10 min) of death adder anti venom (1 unit/ml) only slightly delayed

the twitch inhibition caused by acantoxin IVa (0.3 uM; n = 7; Fig. 3.4a). However, with a

t% value of 31.3 ± 5.1 min, antivenom (1 unit/ml) plus acantoxin IVa (0.3 uM) was not

significantly different from acantoxin IVa (0.3 \xM) alone (n = 5 - 7; Student's unpaired t-

test). Furthermore, acantoxin IVa (0.3 \xM) in the presence of antivenom (1 unit/ml) still

abolished contractile responses to exogenous nicotinic agonists (n = 7; Fig. 3.4b).

However, a higher concentration of antivenom (5 units/ml) prevented the twitch inhibition

by acantoxin IVa (0.3 |iM; n = 4; Fig. 3.4a). Antivenom (5 units/ml) also prevented the

inhibition of contractile responses to exogenous nicotinic agonists caused by acantoxin IVa

(0.3uM;n-4;Fig.3.4b).
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Fig. 3.4 The effect of acantoxin IVa (0 .1 -1 jiM; n = 5), acantoxin IVa (0.3 jiM; n = 4)

with neostigmine (10 f.iM) at /#, acantoxin IVa (0.3 jiM; n = 4 - 7) in the presence of

antivenom ( 1 - 5 units/ml), or vehicle (n = 8) on (a) indirect twitches or (b) contractile

responses to exogenous ACh, CCh and KCI in the CBCNM preparation (data not shown

for 0.1 & 1 jxM acantoxin IVa). *P < 0.05, significantly different from contractile

responses in the presence of vehicle, one-way ANOVA.
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Fig. 3.5 The effect of acantoxin Va (0..' - 1 piM; n = 5), acantoxin Va (0.3 juM; n = 4) with

neostigmine (10 |nM) at (so, acantoxin Va (0.3 |LIM; n = 4) in the presence of antivenom (1

unit/ml), or vehicle (n = 8) on (a) indirect twitches or (b) contractile responses to

exogenous ACh, CCh and KCl in the CBCNM preparation (data not shown for 0.1 & 1

acantoxin Va). *P < 0.05, significantly different from contractile responses in the presence

of vehicle, one-way ANOVA.
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In contrast to acantcxin IVa, prior incubation of death adder antivenom (1 unit/ml)

prevented the twitch inhibition by acantoxin Va (0.3 p.M; n = 4; Fig. 3.5a). Antivenom (1

unit/ml) also prevented the inhibition of contractile responses to exogenous nicotinic

agonists caused by acantoxin Va (0.3 jaM; n = 4; Fig. 3.5b).

Skeletal muscle nicotinic acetylcholine receptors

The positive control, dTC ( 1 - 1 0 \xM), displayed classical competitive antagonism with

parallel rightward shifts of the cumulative concentration-response curve to CCh, and

displayed no depression of the maximum response (n = 5 - 6; Fig. 3.6a). Using Schild plot

analysis, the pA2 for dTC was calculated to be 6.18 ± 0.15, and a Schild slope factor of

1.07 ± 0.1. Under the Lew and Angus method the p/fb was determined to be 6.29 ± 0.06.

The slope factor was found to be not significantly different from unity (NSDU) since

equation 1 was deemed to be a better fit by using an F test as stated in the "Methods"

section. Using the modified Lew and Angus method the pA2 was estimated to be 6.28 ±

0.07, and the slope factor was NSDU. In contrast, acantoxin IVa (1 - 10 nM; n = 4 - 6;

Fig. 3.6b), acantoxin Va (30 - 70 nM; n = 4 - 5; Fig. 3.7a) and a-bungarotoxin (2 - 7 nM;

n = 4 - 5; Fig. 3.7b) caused a concentration-dependent depression of the maximum CCh

response (one-way ANOVA, P < 0.05). Therefore, the modified Lew and Angus method

was used to determine the potency of these toxins at skeletal muscle nAChR (Table 3.2). In

all three cases the slope factor was found to be NSDU since equation 1 was deemed to be a

better fit by using an F test as stated in the "Methods" section.
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Fig. 3.6 The effect of (a) dTC (1 - 10 uM; n = 5 - 6) or (b) acantoxin IVa (1 - 10 nM;

n = 4 - 6) on responses to cumulative additions of carbachol in the CBCNM preparation.

*P < 0.05, significantly different from 1 nM acantoxin IVa, one-way ANOVA. **P < 0.05,

significantly different from 7 nM acantoxin IVa, one-way ANOVA.
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Fig. 3.7 The effect of (a) acantoxin Va (30 - 70 nM; n = 4 ~ 5) or (b) a-bungarotoxin (2 -

7 nM; n = 4 - 5) on responses to cumulative additions of carbachol in the CBCNM

preparation. *P < 0.05, significantly different from control, one-way ANOVA. **P < 0.05,

significantly different from 30 nM acantoxin Va, one-way ANOVA. fP < 0.05,

significantly different from control, one-way ANOVA. ffP < 0.05, significantly different

from 2 nM a-bungarotoxin, one-way ANOVA.
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Table 3.2 Potency of toxins a, skeletal muscle and a7-type nico.inic acetylchoiine

receptors

Toxin Skeletal muscle nACR a7-type nAChR

a-bungarotoxin 8.71 ±0.06 NSDU

acantoxin IVa 8.36 ±0.17 NSDU

acantoxinVa 7.72 ±0.12 NSDU

1 pA2 value estimated by the modified Lew and Angus method

'NSDU - not significantly different from unity

8.89 ±0.13

4.48 ±0.13

7.02 ±0.15
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Ganglionic rr'cotinic aceiylcholine receptors

Discrete concentration-response curves to (±)-epibatidine were repeatable after an

incubation period of 1 h with no desensitisation being observed (n = 8; Fig. 3.8a).

Mecamylamine (0.3 - 10 uM) caused a concentration-dependent depression of the

maximum response (n = 4 - 8; one-way ANOVA, P < 0.05; Fig. 3.8a). However,

acantoxin IVa (1 u,M) had no significant effect on the discrete concentration-response

curve to (±)-epibatidine (n = 4; two-way repeated measures ANOVA; Fig. 3.8b).

NB: Since only a small quantity of acantoxin Va was isolated it was not possible to

examine its activity at ganglionic nAChR,

al-type neuronal nicotinic acetylcholine receptors

In hippocampus homogenate, unlabelled MLA, a-bungarotoxin and acantoxin Va were

potent inhibitors of specific [3H]-MLA binding (n = 4; Fig. 3.9). A one-site binding model

was deemed to be a better fit by using an F test as stated in the "Methods" section. While

a-bungarotoxin (pATj = 8.89 ± 0.13) seemed to be slightly more potent than unlabelled

MLA (pATj = 8.22 ±0.12) there was no significant difference in potency (n = 4; one-way

ANOVA, P < 0.05). Acantoxin IVa (n = 4; Fig. 3.9; Table 3.2) was «25,000 fold less

potent than a-bungarotoxin at a7-type neuronal nAChR. In contrast, acantoxin Va (n = 4;

Fig. 3.9; Table 3.2) was «75 fold less potent than a-bungarotoxin, but «350 fold more

potent than acantoxin IVa. While both unlabelled MLA and acantoxin IVa completely

inhibited specific binding, this was not the case with a-bungarotoxin or acantoxin Va (Fig.

3.9). Approximately 8% and 16% of specific binding was resistant to high concentrations

of a-bungarotoxin and acantoxin Va, respectively. Non-specific binding was close to 30%
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Fig. 3.8 The effect of (a) mecamylamine (0.3 - 10 fxM: n = 4 - 8) or (b) acantoxin IVa

(1 |iM; n = 4) on responses to discrete additions of (±)-epibatidine in the guinea-pig ileum.

*P < 0.05, significantly different from 0.3 JIM mecamylamine, one-way ANOVA. **P <

0.05, significantly different from 1 jiM niecamylamine, one-way ANOVA.
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Fig. 3.9 Inhibition cf specific [3H]-MLA binding by unlabelled MLA (n = 4),

a-bungarotoxin (n = 4), acantoxin IVa (n = 4) and acantoxin Va (n = 4) in rat hippocampus

homogenate. Data were fitted to a one-site binding model.
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of total binding. This non-specific binding was comparable to levels reported in previous

studies (Davies et ah, 1999; Whiteaker et al, 1999).

a4f32 subtype nzuronal nicotinic acetylcholine receptors

Saturable specific binding of [ H]-epibatidine in midbrain homogenate was fitted to a one-

site binding model as it was deemed to be a better fit by using an F test as stated in the

"Methods" section (n = 4; Fig. 3.10). High affinity binding was demonstrated at this

receptor site with a ATD of 113.3 ± 4.8 pM and a Bmax of 41.7 ± 0.5 fmol/mg protein (n = 4),

(-)-Nicotine caused full inhibition of specific [3H]-epibatidine binding (n = 4; Fig. 3.11). A

two-site binding model was deemed to be a better fit by using an F test as stated in the

"Methods" section. (-)-Nicotine bound to two sites with pA'j values of 8.49 ± 0.50 and 7.27

± 0.22, respectively. Acantoxin IVa caused no inhibition of specific [3H]-epibatidine

binding up to a concentration of 0.1 mM (n = 4; Fig. 3.11). Similarly, Acantoxin Va caused

no inhibition of specific binding up to a concentration of 0.01 mM (n = 4; Fig. 3.11). Non-

specific binding was less than 6% of total binding.

Cytisine-resistant [3H]-epibatidine binding sites

In midbrain homogenate, (-)-nicotine caused full inhibition of specific [3H]-epibatidine

binding to the cytisine-resistant [3H]-epibatidine binding sites (Fig. 3.12). This binding

followed a one-site binding model with an IC50 of 0.96 ± 0.14 uM (n = 4). In contrast,

acantoxin IVa or acantoxin Va caused no inhibition of binding up to a concentration of 0.1

mM and 0.01 mM, respectively (n = 4; Fig. 3.12). Non-specific binding was about 18% of

total binding.
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Fig. 3.10 Saturation binding of [3H]-epibatidine to rat midbrain ivoniogenate (n -~ 4). Data

were fitted to a one-site binding model.
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Fig. 3.11 Inhibition of specific [3H]-epibatidine binding by (-)-nicotine (n = 4), acantoxin

IVa (n = 4) and acantoxin Va (n = 4) in rat midbrain homogenate. Dashed line represents

data fitted to a two-site binding model.
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Fig. 3.12 Inhibition of specific [3H]-epibatidine binding by (-)-nicotine (n = 4), acantoxin

IVa (n = 4) and acantoxin Va (n = 4) in rat midbrain homogenate with the presence of

cytisine (100 nM). Unbroken line represents data fitted to a one-site binding model.
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Discussion

We have previously shown, based on in vitro studies, that death adder venoms are among

the most neurotoxic Australasian venoms (Crachi et al, 1999b; Fry et al, 2001; Hodgson

& Wickramaratna, 2002). With five postsynaptic neurotoxins isolated from A. cmtarcticus

venom, death adder venoms are thought to be rich in these components. However, these

neurotoxins have been poorly characterized in terms of nicotinic acetylcholine receptor

pharmacology. In addition, neurotoxins from other species of death adder have not been

isolated. Consequently, the present study describes the isolation and characterisation of the

first neurotoxins from A. sp. Seram and A. rugosus death adder venoms. The efficacy of

CSL death adder antivenom against the in vitro neurotoxicity of acantoxin IVa and

acantoxin Va was also determined,

Acantoxin IVa was isolated as a single peak from A. sp. Seram venom by successive

RP-HPLC separations. As seen from the RP-HPLC chromatogram of the whole venom,

acantoxin IVa elutes as the second peak and is a major component in the venom. Hence,

the functional activity of this component is likely io be of importance in the overall context

of envenomation. In contrast, acantoxin Va elutes as the third peak and is a minor

component of A. rugosus venom. Using electrospray mass spectrometry, the molecular

mais of acantoxin IVa was determined to be 6815 daltons. It is well documented that

elapid snake venom postsynaptic neurotoxins usually have a molecular mass in the range

of 6 - 9 kDa (Zamudio et al, 1996; Tyler et al., 1997; Fry, 1999). In fact, a molecular

mass of 6815 daltons is in the range expected for short-chain neurotoxins as opposed to

long chain neurotoxins (Fry, 1999). The two short-chain neurotoxins isolated from A.

antarcticus venom, acanthophin a and toxin Aa c, are larger than acantoxin IVa based on

their minimum molecular mass of 7155 and 6898 daltons, respectively, calculated from

their amino acid composition (Sheumack et al, 1979; Kim & Tamiya, 1981a). With a
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molecular mass of 7991 daltons, acantoxin Va is smaller than toxin Aa b, acanthophin d

and Aa e, however, it is in the range expected for long-chain neurotoxins (Kim & Tamiya,

1981b; Sheumack et al, 1990; Tyler et al, 1997; Fry, 1999). Comparison of the N-

terminai sequences showed that acantoxin IVa shares very high identity with other short-

chain neurotoxins from elapid snake venoms, in particular toxin Aa c. In contrast,

acantoxin Va shares high identity with previously isolated long-chain neurotoxins from A.

antarcticus venom.

Due to the sequence homology and molecular mass resemblance of acantoxin IVa

and acantoxin Va to other elap'd vei.om postsynaptic neurotoxins, these components were

examined for in vitro neurotoxicity using the indirectly stimulated CBCNM preparation.

Both acantoxin IVa and acantoxin Va caused concentration-dependent inhibition of

indirect twitches and blocked contractile responses to exogenous nicotinic agonists. Thus,

confirming that these components are indeed postsynaptic neurotoxins. However, unlike d-

tubocurarine or the snake venom neurotoxin candoxin (Nirthanan et al, 2002a),

neuromuscular blockade by acantoxin IVa or acantoxin Va was not readily reversible by

washing. To further study the reversibility of these toxins, the anticholinesterase

neostigmine was added at the tso time point (i.e. after the addition of either acantoxin IVa

or acantoxin Va had reduced the twitch height by 50%). Although there was a transient

recovery of the neuromuscular blockade with neostigmine this was quickly overcome by

the toxins. Similar observations were made when neostigmine (10 fiM) was added at tso

after the addition of A. sp. Seram venom or A. rugosus venom (3 jig/ml; refer chapter 2).

However, several clinicians have used anticholinesterases successfully to reduce the

amount of antivenom administered following envenomation by death adders in Australia

and Papua New Guinea (Currie et al, 1988; Lalloo et al, 1996; Little & Pereira, 2000).
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Perhaps, a more convincing reversal with neostigmine would have been obtained had a

much lower concentration of these toxins been examined.

Since our previous study showed that CSL death adder antivenom was markedly less

effective against A. sp. Seram and A. rugosus venoms compared to other death adder

venoms (Fry et al, 2001), the efficacy of antivenom against the in vitro neurotoxicity of

acantoxin IVa and acantoxin Va was examined. Prior incubation of antivenon (1 unit/ml)

had no significant effect on the twitch inhibition caused by acantoxin IVa. However, under

the same conditions antivenom prevented the twitch inhibition produced by acantoxin Va.

This suggests that acantoxin IVa is one of the neurotoxic components present in A. sp.

Seram venom that is not readily neutralised by death adder antivenom. The same cannot be

said of acantoxin Va. The higher concentration of antivenom (i.e. 5 units/ml) was

successful in preventing the twitch inhibition caused by acantoxin IVa. Therefore, as with

the A. sp. Seram whole venom (Fry et al, 2001; refer chapter 2), a much larger dose of

antivenom is required to prevent the neurotoxicity of acantoxin IVa.

In order to determine the potency of acantoxin IVa and acantoxin Va at skeletal

muscle nAChR, the CBCNM unstimulated preparation was utilised. Using dTC as a

positive control we have shown that this preparation can be used successfully to determine

the potency of an antagonist at skeletal muscle nAChR. While dTC caused classical

competitive antagonism with a parallel rightward shift of the cumulative concentration-

response curve to CCh this was not the case with acantoxin IVa, acantoxin Va or a-

bungarotoxin. These snake neurotoxins produced depression of the maximum CCh

response. It is well known that a-bungarotoxin and most elapid postsynaptic neurotoxins

dissociate very slowly from the skeletal muscle nAChR once they are bound

(Chicheportiche et al, 1975; Blanchard et al, 1979; Chiappinelli, 1991). Given the

pseudo-irreversible antagonism caused by these toxins, the observed depression of the
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cumulative concentration-response curve to CCh is to be expected (Lew et al, 2000).

Pseudo-irreversible antagonism is a distinct pharmacological property of acantoxin IVa

and acantoxin Va and is not caused by every elapid venom neurotoxin (Nirthanan et al,

2002a). However, given that these snake neurotoxins caused depression of the maximum

CCh response, the classical Schild plot analysis cannot be utilised to determine the potency

of these toxins. Previously, the modified Lew and Angus method has been used to provide

estimates of pA2 values that are in excellent agreement with those obtained from

equilibrium binding assays (Christopoulos et al, 1999; Christopoulos et al, 2001). In the

current study, the pA2 value of dTC determined via the modified Lew and Angus method

was in agreement with the pA2 value and pAfb value determined by Schild plot analysis and

Lew and Angus method, respectively. The Lew and Angus method is considered to

provide a more accurate measure of potency than Schild plot analysis (Lew & Angus,

1995), With an estimated pA2 value of 8.36, acantoxin IVa is at least 100 fold more potent

than d-tubocurarine and only about 2 fold less potent than a-bungarotoxin. With an

estimated pA2 value of 1.12, acantoxin Va is about IC fold less potent than a-bungarotoxin

but only 4 fold less potent than acantoxin IVa. Given that the slope factors for both a-

bungarotoxin and acantoxin IVa are not significantly different from unity this suggests a

competitive interaction with the skeletal muscle nAChR (Lew & Angus, 1995;

Christopoulos et al, 1999).

To determine the activity of acantoxin IVa at ganglionic nAChR, discrete

concentration-response curves to (±)-epibatidine were obtained in the guinea-pig ileum.

The positive control, mecamylamine, caused a gradual J~;- ...sion of the maximum

response. This effect is in agreement with previous studies using nicotine as an agonist

(Hayashi et al., 1977). Acantoxin IVa had no activity at this receptor at a concentration of

1 uM. Previously it has been shown that neither a-bungarotoxin (long-chain neurotoxin)
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nor erabutoxin b (short-chain neurotoxin) have any activity at ganglionic nAChR

(Nirthanan et al, 2002b). Given the requirement for discrete additions of (±)-tpibatidine

(i.e. due to receptor desensitisation), large amounts of toxin are consumed during this

assay. Hence, the activity of acantoxin Va was not examined at this receptor.

Hippocampus homogenate was utilised to study the activity of acantoxin IVa and

acantoxin Va at a7-type neuronal nAChR as it has been shown to be rich in this nicotinic

receptor (Davies et al, 1999; Whiteaker et al.> 1999). Both positive controls, i.e.

unlabelled MLA (pK\ = 8.22) and a-bungarotoxin (pK\ = 8.89), were potent inhibitors of

the a7-type nicotinic radioligand [3H]-MLA. In contrast, acantoxin IVa with a pK; value of

4.48 was about 25,000 fold less potent than the long-chain neurotoxin, a-bungarotoxin, at

this receptor. While acantoxin Va was only 10 fold less potent than a-bungarotoxin at

skeletal muscle nAChR, it was about 75 fold less potent than a-bungarotoxin at a7-type

neuronal nAChR. Therefore, it would be of interest to elucidate the full primary sequence

and the NMR structure of acantoxin Va to allow for detailed structure-function studies.

Previously, it has been shown in both chick optic lobe homogenate and chimeric a7

receptors that long-chain neurotoxins are 300 - 20,000 fold more potent at a7-type

neuronal nAChR than short-chain neurotoxins (Zamudio et al, 1996; Servent et al, 1997).

Thus, in line with the molecular mass and N-terminal sequence, acantoxin IVa behaves

like a short-clmin neurotoxin pharmacologically. Also in line with the molecular mass and

N-terminal sequence, acantoxin Va behaves like a long-chain neurotoxin.

Interestingly, while both acantoxin IVa and unlabeiled MLA completely inhibited

specific [3H]-MLA binding, this was not the case with a-bungarotoxin or acantoxin Va.

Previous studies have also shown that approximately 15% of specific [3H]-MLA binding in

hippocampus homogenate is resistant to the long-chain neurotoxins a-cobratoxin and a-

bungarotoxin, even at high concentrations (Davies et al, 1999; Whiteaker et al> 1999).
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Given that detailed autoradiographical analysis has shown that the distribution of [125I]-o>

bungarotoxin and [3H]-MLA binding sites correlate highly, it is unlikely that long-chain

neurotoxin resistant [3H]-MLA binding would represent another type of nAChR (Davies et

al, 1999; Whiteaker et al, 1999). As suggested by Davies et al. (1999) and Whiteaker et

al. (1999), explanations for this phenomenon are: (i) while small nicotinic ligands may

occupy all five cc7-subunits simultaneously the large size of a-bungarotoxin (MW = 7994)

may hinder the binding to all five subunits simultaneously; (ii) due to die large size of a-

bungarotoxin it may not have full access to receptors in all of the different membrane

compartments preserved or created during membrane preparation. While this phenomenon

requires further investigation, this study has shown for the first time that a short-chain

neurotoxin (only about 1 kD smaller than a-bungarotoxin) is capable of fully inhibiting

specific ["'HJ-MLA binding in hippocampus homogenate.

In contrast to binding at a7-type nAChR, a short-chain neurotoxin as opposed to

long-chain neurotoxins was capable of blocking nicotine-evoked release of dopamine in

the raJ striatum (Dajas-Bailador et al., 1 f>9S). Hence, acantoxin IVa and acantoxin Va were

examined for activity at other neuronal nAChR. Both acantoxin IVa and acantoxin Va

displayed no activity at a4{32 subtype neuronal nAChR or cytisine-resistant [3Hj-

epibatidine binding sites. Evidence suggests that cytisine-resistant [3H]-epibatidine binding

sites are possibly that of a3p4 subtype neuronal nAChR (Whiteaker etal, 2000).

In conclusion, the first neurotoxins from A. sp. Seram and A. rugosus death adder

venoms were isolated. Antivenom studies showed that acantoxin IVa is a potent neurotoxic

component present in A. sp. Seram venom that is not readily neutralised by death adder

antivenom. In contrast, acantoxin Va was readily neutralised by antivenom. Although

acantoxin IVa has a similar potency to a-bungarotoxin for skeletal muscle riAChR it is

e.oout 25,000 ibid less potent at oc7-iype nAChR. While acantoxin Va was several fold less
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potent than acantoxin IVa at skeletal muscle nAChR, it was about 350 foid more potent

than acantoxin IVa at cx7-type neuronal nAChR. Although long-chain neurotoxin resistant

[3H]-MLA binding requires further investigation this study has added another important

piece of information in showing that a short-chain neurotoxin is capable of fully inhibiting

specific [3H]-MLA binding. Since acantoxin IVa had no activity at ganglionic nAChR,

a4(32 subtype neuronal nAChR and cytisine-resistant [3H]-epibatidine binding sites further

studies are required to determine whether short-chain neurotoxins preferentially bind to

another neuronal nAChR compared to long-chain neurotoxins.
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{Acanthophis rugosus)
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1 It has long been thought that death adder venoms arc devoid of myotoxic activity based on
studies done on Acanthophis antarclicus (Common death adder) venom. However, a recent clinical
study reported rhabdomyoiysis in patients following death adder envenomations, in Papua New
Guinea, by a species thought to be different to A. antarcticus. Consequently, the present study
examined A. rugosus (Irian Jayan death adder) venom for myotoxieity, and isolated the first
myotoxin (acanmyotoxin-1) from a death adder venom.
2 A. rugosus (10-50 /ig ml"') and acanmyotoxin-1 (MW 13811; 0.1-1 fiM) were screened for
myotoxieity using the chick directly (0.1 Hz, 2 ms, supramaximal V) stimulated biventer ccrvicis
nerve-muscle (CBCNM) preparation. A significant contracture of skeletal muscle and/or inhibition
of direct twitches were considered signs of myotoxieity. This was confirmed by histological
examination.

3 High phospholipase A2 (PLA2) activity was detected in both A. rugosus venom
(140.2± 10.4 /<mol min"1 rnp"1; n = 6) and acanmyotoxin-J (153.4+ II fimol min"1 ing""1; n = 6).
Both A. rugosus venom (10-50 fig ml"1) and acanmyotoxin-1 (0.1 — 1 //M) caused dosc-dcpcndcnt
inhibition of direct twitches and increase in baseline tension (n-4-6). In addition, dosc-dcpcndcnt
morphological changes in skeletal mucclc were observed.
4 Prior incubation (10 min) of CSL death adder antivenom (5 units ml"1; ;» = 4) or inactivation of
PLA2 activity with 4-bromophcnacy! bromide (1.8 mM; n~4) prevented the myotoxieity caused by
acanmyotoxin-1 (1 /*M).
5 Acanmyotoxin-1 (0.1 /<M; n = 4) displayed no significant neurotoxicity when it was examined
using the indirectl" (0.1 Hz, 0.2 ms. supramaximal V) stimulated CBCNM preparation.
6 In conclusion, clinicians may need to be mindful of possible myotoxieity following deaih adder
envenomation in Irian Jaya.
British Journal of Pharmacology (2003) 138, 333-342. doi: 10. !O38/sj.bjp.O7O5O46

Keywords: Death adder; Acanthophis; antarcticus; rugosus; myotoxic; Phosphciipasc A2; acanmyotoxin-1; rhabdomyolysis;
antivenom; venom

Abbreviations: 4-BPB, 4-bromophcnacyI bromide; CBCNM, chick biventer ccrvicis nervo-nn1

Phospholipase A2: TFA, trifluoroacetic acid
, CCh, carbachol; PLA2,

Introduction

Death adders (genus Acanthophis) are unique among
Australian snakes in both morphology and behaviour.
Although classified into the Elapidac family of snakes Jhcy
are viper-like in appearance and habit (Campbell, 1966).
They are characterized by a somewhat flattened, almost
triangular head and a short, stout body terminating to a thin
rat-like tail (Coggcr, 2000). This makes them among the most
specialized of all elapids and closely convergent in many
respects with members of the family Vipcridac.

Death adders are the widest ranging of the Auslralian
elapids, being found not only in continental Australia, but

•Author for correspondence;
E-mail: 

North throughout the Torres Straight Islands, Papua New
Guinea, Jrian Jaya and the Indonesian islands of Seram,
Halmahcra, Obi and Tanimbar. Although there have been up
to 12 species and three subspecies of death adders described
thus far (Hcser, 1998), considerable debate remains about
species identification (Wustcr et al., 1999). Of these, only the
venoms of the common (A. antarcticus) and northern (A.
praelongus) death adders have been studied in some detail.
However, recently the venoms of the major species and
regional variants have been investigated by liquid chromato-
graphy/niass spcclromctry (Fry et al., 2002). This study
revealed a great diversity in the venoms.

Previously, using the chick isolated stimulated biventer
cervicis nerve-muscle (CBCNM) preparation, we have shown
that Irian Jayan death adder {A. rugosus) venom (1 -

148



334 J.C. Wickramaraitna et al Myotoxic PLA2 from A. tvgosus venom

I

10 fig ml""1) caused time-dependent inhibition of indirect
twitches and blocked contractile responses to exogenous
acetylcholine and carbachol (Fry et al., 2001). Thus,
suggesting the presence of postsynaptic neurotoxins. In
addition, the efficacy of CSL death adder antivenom against
the in vitro neurotoxicity of A. rugosus venom was studied. It
was found that CSL death adder antivenom (I unit ml"1),
raised against A. amarcticus venom, was markedly less
effective against A. rugosus venom compared to A. hawkei.
A. praelongus and A. pyrr/ius venoms (Fry et. al., 2001).
However, a higher concentration of antivenom (5 units ml"')
completely neutralized the in vitro neurotoxicity of A. rugosus
venom (Fry et al., 2001). To date, no components have been
studied from A. rugosus venom.

In contrasi 'o A. rugosus venom, A. antarcticus venom has
previously been examined for lethality, neurotoxicity, myo-
toxicity and its effects on blood coagulation, both experi-
mentally and clinically (Kcllaway, 1929a, b; Campbell, 1966;
Broad et al... 1979; Mebs & Samejima, 1980, Sutherland et a!.,
1981). In addition, five postsynaptic neurotoxins have been
isolated and scqucnccd from A. antarr'.icus venom (Sheumack
et al., 1979; Kim & Taniiya, 1981a, b; Sheumack et al., 1990;
Tyler et al., 1997). In terms of phospholipase A2 (PLA2)
components, acanthin 1 and II, both potent inhibitors of
platelet aggregation have been isolated from A. amarcticus
venom (Chow el al., 1998). In addition, acanthoxin A! and
A2, two PLAj isoforms with weak neurotoxic activity, have
been isolated from A. antarcticus venom (van dcr Wcydcn et
al., 1997; 2001). Three PLA2 i«ocnzymcs, praclongins 2bIII,
2cll and 2cIV, with antiplatclct activity have also been
isolated from A. praelongus venom (Sim, H'98). However, no
myotoxic components have been isolated from any death
adder venom to date.

It has long been thought that death adder venoms arc
devoid of myotoxic activity based on studies done on A.
antarcticus venom. This venom had no myotoxic activity in
Rhesus monkeys {Macaco fascicularis) (Sutherland et al.,
1981). Mebs & Samejima (1980) fractionated A. antarcticus
venom by size exclusion chromatography. None of the
isolated fractions were capable of causing myoglobinuria in
mice after subcutaneous injection. Furthermore, A. anlarc-
ticus venom (30 ;<g ml"1) had no myotoxic activity in vitro in
the directly stimulated CBCNM preparation (Wickramaratna
& Hodgson, 2001). However, a recent clinical study reported
myotoxic activity in vivo following death adder envenoma-
tions, in Papua New Guinea, by a species thought to be
different to A. antarcticus (Lalloo et al., 1996). Jn this study
there was one patient who developed renal failure following
delayed presentation after a suspected death adder bite. There
were significantly elevated crcatinc kinasc levels (median of
411 IU I-1, range of 164-4220 IU I"1) in two thirds of
envenomed patients (Lalloo et al., 2996). However, these
levels may not be clinically important in terms of causing
renal failure (GK Isbistcr, personal communication 200*)
Renal failure and elevated crcatine kinasc levels suggest
rhabdomyolysis and the presence of myotoxic activity in the
venom (Sutherland et al., 1981).

The first aim of this study was to examine the venom from
death adders {A. rugosus) found in Irian Jaya (West Papua)
to determine any possible myotoxic acivity. Secondly, to
isolate and pharmacologically characterise myotoxirs from
this venom. Thirdly, to determine the eflcctivencss of CSL

death adder antivenom, which has been raised against A.
antarcticus venom, in neutralizing myotoxic activity.

Methods

Venom preparation and storage

A. rugosus venom was purchased from Venom Supplies Pty.
Ltd., South Australia. Freeze dried venom and stock
solutions of venom prepared in 0.1% bovine serum albumin
in 0.9% saline (BSA) were stored at -20°C until required.

Fractionation of venom

Freeze dried venom was dissolved in distilled water and
filtered through a 0.45 ftm Millipore (Bedford, MA, U.S.A.)
filter. Reverse phase high performance liquid chromatogra-
phy (RP-HPLC) separations were performed on the
B I O C A D Pcrfusion Chromatography Workstation (Applied
Biosystcms, CA, U.S.A.) using Phcnomcnex Jupiter prepara-
tive (250x21.2 mm, 10 n, 300 A) and semi-preparative
(250x10 mm, 5 ft, 300 A) C18 columns. The column was
equilibrated with solvent A (0.1% trifluoroacctic acid - TFA)
and the sample then clutcd with the following gradient
conditions of solvent B (90% acetonitrile in 0.09% TFA) and
solvent A at a flow rate of 10 ml min"1: 0 to 60% over
60 min (1% gradient) and then 60 to 80% in 5 min (4%
gradient). The eluant was monitored at 214 and 280 nm.

The purified component was rc-iun on a Hewlett Packard
scries 1100 ChcmStation (Agilent Technologies, CA, U.S.A.)
using a Phcnomcnex Jupiter analytical (150x2 mm, 5 fi,
300 A) C18 column. The column was equilibrated wi'.h
solvent A (0.1% TFA) and loaded with 100 /il of
100 fig ml"1 isolated component. The sample was then eluted
with the following gradient conditions of solvent B (90%
acetonitrile in 0.09% TFA) and solvent A at a flow rate of
0.2 ml min-1: 0 to 20% over 5 min (4% gradient), 20 to 60%
in 40 min (1% gradient) and then 60 to 80% over 5 min (4%
gradient). The eluant was monitored at 214 nm.

Molecular mass determination by electrospray mass
spectrometry

The sample was dissolved in 50% acetonitrile and analysed
using a Perkin-Elmer Sciex API 300 (PE-Sciex, Thronton,
Canada) triple quadrupole instrument equipped with an
ionspray interface. The ionspray voltage was set at 4600 V
and the orifice potential i:t 30 V. Nitrogen gas was used as a
curtain gas with a flow rato of 0.6 1 min"' while compressed air
was the nebulizer gas. The sample (10 fi\) was injected
manually into the LC-MS system and analysed in positive
ion mode. Data processing was performed with the aid of the
software package Biomultiview (PE-Scicx, Thronton, Canada).

Amino acid sequence determination

Pure peptide (400 fig) was dissolved in 400 ji\ of 6 M
guanidinium hydrochloride and then 8 fi\ of 2-mercaptoetha-
nol was added. The sample was then vortexed and briefly
centrifuged. Subsequently, 80 [i\ of 4-vinylpyridinc was then
added, nitrogen gas passed over the sample for 2 min, the
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sample sealed airtight and then incubated at 37°C for 2 h.
The reduced/alkylated peptide was N-terminally sequenced
using Edman degradation chemistry on an Applied Biosys-
tems 494 pulsed-liquid-phascd sequencer (Applied Biosys-
tems, CA, U.S.A.).

Determination of phospholipase A2 activity

The PLA2 activity of whole venom and isolated component was
determined using a secrei.ory PLA2 colourimetric assay kit
(Cayman Chemical, U.S.A.). The assay uses the 1,2-dithio
analogue of diheptanoyl phosphatidylcholine as a substrate.
Free Ihiols generated upon hydrolysis of the thio ester bond at
the .v/i-2 position by PLA2 are detected using DTNB (5,5'-
dithiobis(2-nitrobenzoic acid)). Colour changes were monitored
by the CERES900C microplatc reader (Bio-Tck Instruments,
U.S.A.) at 405 nm, sampling every min for a 5 min period.
PLA2 activity was expressed as micromolcs of phosphatidylcho-
line hydrolysed per min per milligram of enzyme.

Jnactivation of PLAj activity with 4-bromophenacyl
bromide

PLA2 activity of acanmyotoxin-1 was inhibited by alkylation
with 4-bromophenacyl bromide (4-BPB). Acanmyotoxin-1
(0.1 mM) was made up in sodium cacodylate-HCI buffer
(50 fi\, 0.1 M, pH 6.0), and 4-BPB made up in acetone was
added to give a final concentration of 1.8 mM (Abe ct al.,
1977; Bell et al., 1998; Crachi el at., 1999a). Each vial
containing the above solution was then incubated at 30cC for
16 h. As a positive control, acanmyotoxin-1 (0.1 mM) made
up in sodium cacodylatc-HCl buffer was incubated with
acetone. As a negative control, sodium cacodylatc-HCl buffer
was incubated with 1.8 mM 4-BPB in acetone.

Chick isolated biventer cervicis nerve-muscle preparation

Male White leg horn chicks aged between 5 and 9 days were
killed with CO2 and both biventer cervicis nerve-muscle
preparations were removed. These were mounted under 1 g
resting tension in organ baths (5 ml) containing Krcbs
solution of the following composition (mM): NaCI, 118.4;
KCl, 4.7; MgSCv 1.2; KH2PO4, 1.2; CaCI2, 2.5; NaHCOj, 25
and glucose, 11.1. The Krebs solution was bubbled with
carbogen (95% O2 and 5% COJ and maintained at 34"C.
Indirect twitches were evoked by stimulating the motor nerve
every 10 s with pulses of 0.2 ms duration at a supramaximal
voltage (Harvey ct al., 1994) using a Grass S88 stimulator.
After a 30 min equilibration period, d-tubocurarinc (10 /IM)
was added. Subsequent abolition of twitches confirmed
selective stimulation of nerves. Twitches were then re-
established by thorough washing. Contractile responses to
acctylcholine {ACh; 1 mM for 30 s), carbachol (CCh; 20 /*M
for 60 s) and potassium chloride (KCl; 40 mM for 30 s) were
obtained in the absence of stimulation (Harvey et al., 1994).
Electrical stimulation was then recommenced and the
preparations were allowed to equilibrate for a further
30 min period before commencement of the experiment.
Venom or toxin was left in contact wah the preparations
until complete twitch blockade occurred, or for a 3 h period.
Contractile responses to ACh, CCh and KCl were then
obtained as previously described.

In experiments determining myotoxicity, direct twitches
were evoked by stimulating the muscle directly every 10 s
with pulses of 2 ms duration at a supramaximal voltage
(Harvey el al., 1994). To achieve selective stimulation of
muscle, d-tubocurarine (10 fiM) was added and left in the
organ bath for the duration of the experiment. A. rugosus
venom (10-50 ng ml"1), acanmyotoxin-1 (0.1-1 /JM), 4-BPB
modified acanmyotoxin-1 (1 /iM) or relevant controls were
left in contact with the preparations for a 3 h period. Where
indicated, CSL death adder antivenom (5 units ml"1) was
added 10 min prior (Barfaraz & Harvey, 1994; Crachi el al.,
1999b; Fry et al., 2001; Wickramaratna & Hodgson, 2001) to
the addition of acanmyotoxin-1 (1 fiM). A significant
conlracture of skeletal muscle (i.e. a rise in baseline) and/or
inhibition of direct twitches were considered signs of
myotoxicity (Harvey el al., 1994).

Morphological studies

After the conclusion of the functional myotoxic experiments
the tissues were quickly placed in Tissue Tek and frozen with
liquid nitrogen. The tissues were stored at — 80°C until
required. Using a Leica CM 1800 cryostat, tissues were cut
into transverse sections (14 pm) and placed onto gelatin-
coated slides. Tissue sections were post fixed for 15 min in a
solution containing 4% paraformaldehyde in phosphate
buffered saline (PBS; (moll"1) NaCI, 0.137; KH2PO4,
0.002; and Na2HPO4, 0.008). Tissue sections were routinely
stained with haeniatoxylin and eosin and examined under a
light microscope (Olympus BH-2, Olympus Optical Co.,
Japan). Areas exhibiting typical pathological changes were
photographed using an Olympus C-35AD (Olympus Optical
Co., Japan) camera and Kodak film (Ektachrome PI 600).

Chemicals and drugs

The following drugs and chemicals were used: acetonitrile
(Fisher Scientific, U.K.); acctylcholine chloride, 4-bromophe-
nacyl bromide (4-BPB), bovine serum albumin (BSA),
cacodylic acid (sodium cacodylate), carbamylcholine chloride
(carbachol), d-tubocurarinc chloride; eosin, Mayer's Hacma-
lum (Sigma Chemical Co., St. Louis, MO, U.S.A.);
trifiuoroacetic acid, 4-vinylpyridine (Fluka Chcmika-Bio-
chemika, Buchs, Switzerland). Sequencing grade chemicals
were obtained from Applied Biosystcms (Singapore). Except
where indicated, stock solutions were made up in distilled
water. 4-BPB was made up in acetone. Death adder
antivenom, which is raised against A. antarcticus venom in
horses, was obtained from CSL Ltd (Melbourne. Australia).
All reagents were of analytical grade.

Analysis of results and statistics

For isolated tissue experiments, responses were measured via
a Grass force displacement transducer (FT03) and recorded
on a MacLab System. For both ncurotoxicity and myotoxi-
city studies, twitch height was expressed as a percentage of
the pre-trcated twitch height. Statistical difference was
determined by a one-way analysis of variance (ANOVA) on
the twitch height at the 180 min time point. Likewise, a one-
way ANOVA was performed on the contractile response
induced by the venom and acanmyotoxin-1 at the 180 min
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time point. Contractile responses to ACh, CCh and KCI were
expressed as a percentage of the respective initial response.
These were analysed using cither Student's paired /-tests or,
where stated, compared against the control response via a
one-way ANOVA. All ANOVAs were followed by a
Bonferroni post hoc test. Statistical significance was indicated
when J°<0.05.

Results

Isolation and purification of acanmyotoxin-l

Acanmyotoxin-l was isolated from A. rugosus venom by
successive RP-HPLC separations. The initial fractionation of
A. rugosus venom using a Phenomencx Jupiter preparative
column produced eleven major peaks. The eleventh peak was
subjected to further purification by RP-HPLC. In order to
determine homogeneity and location of acanmyotoxin-l in
relation to other peaks of the whole venom both A. rugosus
venom and acanmyotoxin-l were run on the same conditions
using a Phenomenex Jupiter analytical column (Figure la,b).
Acanmyotoxin-l eluted as a clean peak separating away from
minor contaminants at about 47.5% acctonitrile or at 32.5 min.

Purity and molecular mass determination

Homogeneity and molecular mass of acanmyotoxin-l were
determined by clectrosptay mass spectromctry (Figure 2).
The mass spectra of purified acanmyotoxin-l displayed
several charged states and these could be reconstructed into
a single molecular mass of 13811.38 + 0.81 daltons.

N-terminal amino acid sequence

The N-terminal amino acid sequence of acanmyotoxin-l was
determined (Table !). The location of half-cystines was
typical of elapid PLA2 enzymes. The N-tcrminal sequence of
acanmyotoxin-l was compared with other protein sequences
at the National Center for Biotechnology Information
(NCBI) database using the BLAST service. Acanmyotoxin-l
shared highest identity with taipoxin a chain (75%) from the
coastal taipan {Oxyuranus s. scutellatus) and Pa-IG (65%)
from the Australian king brown snake (Pseudechis australis).
Acanmyotoxin-l shared lower identity with other previously
isolated death adder PLA2 components such as acanthin II
(55%) and acanthin I (5i%).

Phospholipase A 2 activity

High PLA2 activity was detected in both A. rugosus venom and
the isolated component acanmyotoxin-l. A. rugosus venom had
a specific activity of 140.2 ± 10.4 ftmol min ~' mg~' (n = 6) while
acanmyotoxin-l had a specific activity of 153.4 + 11 fimol
min"1 mg~' (« = 6). The positive control, bee venom PLA2 had
a specific activity of 287.5± 17.5 fimol min"1 mg"1 (n = 4). 4-
BPB modified acanmyotoxin-l had no PLA2 activity (« = 6).

Chick isolated bivenler cervicis nerve-muscle preparation

Neuroto.xic studies The positive control and prcsynaptic
neurotoxin, paradoxin (0.07 /JM) caused time-dependent
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Table 1 N-terminal sequence of PLA2 components isolated from death adder and some other elapid snake venoms

Common name

Irian Jayan death adder
Common death adder
Common death adder
Common death adder
Common death adder
Northern death adder
Desert death adder
Coastal taipan
Australian king brown snake

Species

A. rugosus
A. antarclicus
A. antarcticus
A. antarcticus
A. antarcticus
A. praelongus

A. pyrrhus
Oxyuranus s. scutellatus

Pscudcchis australis

PLAj component

acanmyotoxin-1
acanthin 1*
acanthin 11*

acanthoxin Al**
acanthoxin A2**

acanthoxin Bf

acanthoxin C'
taipoxin a chain'*

Pa-1GJ

N-terminal sequence

NLLQIGIMKR
DLFQFGGMIG
NLYQFGGMIQ
NLYQFGGMIQ
DLFQFGGMIG
DLFQFGFMIQ
NLFQFGGMIG
NLLQFGFMIR
NLIQFGNMIQ

CANKRRRPVF
CANKGARSWL
CANKGARSWL
CANKGARSWL
CANKGARSWL
CANKGSRPVF
CANKGTRSWL
CANRRSRPVW
CANKGSRPTR

HYRDYGCYC
SYVNYGCYC
SYVNYGCYC
SYVNYGCYC
SYVNYGCYC

SYVNYGCYC
HYMDYGCYC
HYMDYGCYC

•Chow ct al. (1998): **van dcr Weydcn et al. (1997); tvan dcr Wcydcn et al. (2000); ttLind & Eakcr (1982); JTakasaki et al. (1990).
fNo functional studies were done on these toxiiis.

inhibition of indirect twitches, whereas acanmyotoxin-1
(0.1 /iM) had no significant inhibitory effect on twitch
height compared to the vehicle, 0.1% bovine scrum
albumin in 0.9% saline (/i = 4 - 8 ; one-way ANOVA,
P<0.05\ Figure 3a). Paradoxin (0.07 /IM), acanmyotoxin-1
(0 /iM) and vehicle had no significant effect on the
contractile responses to exogenous ACh (1 mM), CCh
(20/iM) and KCI (40 mM) (n = 4 - 8 ; Student's paired /-test,
P<Q.Q5\ Figure 3b). However, acanmyotoxin-1 (0.1 /iM)
caused a significant increase in baseline tension compared
to the vehicle (n = 4 - 8 ; one-way ANOVA, ^<0.05; data
not shown).

Myotoxic studies A. rugosus venom (30-50 fig ml"') caused
a significant inhibition of direct twitches compared to the
vehicle (« = 4 - 8 ; one-way ANOVA, / '<0.05; Figure 4a). This
effect was dosc-dcpcndcnt with A. rugosus venom
(50 /ig ml"1) causing a significant inhibition of direct twitches
compared to A. rugosus venom at 10 /ig ml"1 (« = 4 - 5 ; one-
way ANOVA, P<0.05; Figure 4a). In addition, A. rugosus
venom (10-50 fig ml"') induced a significant increase in
baseline tension compared to the vehicle control (w = 4 - 8 ;
one-way ANOVA, P<0.05; Figure 4b). Again this effect was
dose-dependent with A. rugosus venom (50 /ig ml"1) causing
a significantly greater contraction compared to A. rugosus
venom at 10//gml~' (n = 4 - 5 ; one-way ANOVA, P<0.Q5;
Figure 4b).

Acanmyotoxin-1 (1 fiM) caused a significant inhibition of
direct twitches compared to the vehicle, whereas acanmyo-
toxin-1 (0.1 /iM) had no significant effect on the twitch height
(n = 4 - 6 ; one-way ANOVA. P<0.05; Figure 5a). In
addition, acanmyotoxin-1 (0.1-1 fiM) induced a significant
increase in baseline tension compared to the vehicle (w = 4 -6 ;
one-way ANOVA, P<0.05; Figure 5b). This response was
dose-dependent with acanmyotoxin-1 (1 /iM) causing a
significantly greater contraction than acanmyotoxin-1 at
0.1 ftM (« = 4; one-way ANOVA. P<0.05; Figure 5b).
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Figure 3 The effect of acanmyotoxin-1 (0.1 /*M; n = 4), paradoxin
(positive control; 0.07//M; n = 4) or vehicle (n = 8) on (a) indirect
twitches or (b) contractile responses lo exogenous ACh, CCh and
KCI in the CBCNM preparation. *y<0.05, significantly different
from vehicle, one-way ANOVA.

Antivenom studies Prior incubation (10 min) of CSL death
adder antivenom (5 units ml"1) prevented the inhibition of
direct twitches and the increase in baseline tension caused by
acanmyotoxin-1 (1 /iM; n~4; Figures 6a,b).

4-BPB modified acanmyotoxin-1 studies Acanmyotoxin-1
(1 //M) plus vehicle (acetone) significantly inhibited direct
twitches compared to 4-BPB plus vehicle (sodium cacodylate;
n = 4 - 6 ; one-way ANOVA, y<0.05; Figure 6a). However,

acanmyotoxin-1 (1 /*M) plus 4-BPB had no significant
inhibitory effect on direct twitches compared to 4-BPB plus
vehicle (n = 4 -6 ; one-way ANOVA, P<0.05; Figure 6a). In
addition, acanmyotoxin-1 (1 fiM) plus vehicle induced a
significant increase in baseline tension compared to 4-BPB
plus vehicle, while acanmyotoxin-1 (1 /iM) plus 4-BPB had no
significant effect on the baseline tension (« = 4 - 6 ; one-way
ANOVA, /><0.05; Figure 6b).
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Figure 4 The effect of A. rugosus venom (10-50 fig, ml '; n = 4) or
vehicle (n •= 8) on (a) direct twitches or (b) baseline tension of the
CBCNM preparation. */><0.05, significantly different from vehicle,
one-way ANOVA. •*/><0.05, significantly different from A. rugosus
venom (10 ftg nil"1), one-way ANOVA.

Morphological studies

Light microscopy studies of tissues exposed to A. rugosus
venom (10-50 ug ml"1) and acanmyotoxin-1 (0.1-1/iM)
showed dose-dependent morphological changes in skeletal
muscle compared to the vehicle control tissues (Figures
7a,b,c,d; data not shown for 10 and 50/^gml"1 A. rugosus
venom). These changes included muscle fibre damage and
vacuolation of the muscle cells. Prior incubation of CSL
death adder antivenom (5 units ml"1) prevented morpholo-
gical changes from occurring due to acanmyotoxin-1 (1 /*M;
Figure 7c). No detectable morphological changes were seen in
tissues equilibrated with antivenom alone (data not shown).
While acanmyotoxin-1 (1 /<M) plus vehicle (i.e. acetone)
induced morphological changes similar to acanmyotoxin-1
(1 /<M) alone, no detectable morphological changes were seen
in acanmyotoxin-1 (1 /<M) plus 4-BPB or vehicle plus 4-BPB
treated tissues (data not shown).
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Figure 5 The effect of acanmyotoxin-l (0.1-1 ;<M; n - 4 ) or vehicle
(n = 6) on (a) direct twitches or (b) baseline tension of the CBCNM
preparation. */><0.05, significantly different from vehicle, one-way
ANOVA.

Discussion

Until recently, research on death adders has been Jargely
focused on the venom from the Australian A. antarcticus
(common death adder). Both in vivo and in vitro studies have
shown that this venom has no significant myotoxic activity
(Mcbs & Samcjima, 1980; Sutherland ct «/., 1981; Wickra-
maratna & Hodgson, 2001). Therefore, it has been thought
that death adder venoms arc devoid of myotoxic activity.
However, a recent clinical study reported evidence of
rhabdomyolysis in patients following death adder envenoma-
tions, in Papua New Guinea, by a species not closely aligned
with A. antarcticus (Lalloo et al., 1996). Consequently, the
present study examined A. rugosus venom for myotoxic
activity, and isolated the first myotoxin from a death adder
venom.

Acanmyotoxin-1 was isolated as a single peak from A.
rugosus venom by successive RP-HPLC separations. As seen
from the RP-HPLC chromatogram of the A. rugosus venom.
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Finun." 6 The effect of acanmyoioxin-l (I /<M; n = 4) or vehicle
(USA; n = 4) in the presence of antivenom (5 units nil"'), and effect
of acanniyotoxin-1 (1 /*M; / I - 4 ) or vehicle (sodium cacodylate; « = 6)
incubated in 4-HI'U (1.8 niM) on (a) direct twitches or (b) baseline
tension of the CHCNM preparation. Positive control was acanmyo-
loxin-1 (1 /;M; n = 4) incubated in vehicle (acetone). */'<0.05,
significantly dilferent from 4-BPB plus vehicle, one-way ANOVA.

acanmyotoxin-1 is also the last major peak to elute at the
given conditions. Using elccirospray mass spectrometry the
molecular mass of acanmyotoxin-1 was determined to be
13S11 daltons. It is well documented that elapid snake venom
PLA2 components usually have molecular mass in the range
of 12-14kDa (Dawson & Hemington, 1967; Sim, 1998).
While the molecular mass of acanmyotoxin-1 is consistent
with other snake venom PLAi components it is about 1 kDa
bigger than PLA: components previously isolated from A.
aniarcticus and A. prcwlongus venoms. Comparison of the N-
terminal sequences showed that acanmyotoxin-1 shared
highest identity with tuipoxin a chain (75%) and Pa-IG
(65%). The taipoxin a chain is the subunit of a potent

(b)

(c)

(d)

(e)

Figure 7 Transverse sections of CBCNM preparations exposed to
(a) vehicle (BSA); (b) A. rugosus venom (30/igml"1); (c)
acanmyotoxin-1 (0.1 fiM); (d) acanmyoloxin-l (I fM); (c) acanmyo-
toxin-1 (I /iM) in the presence of antivenom (5 units ml '1) . Scale
bars. 100 fim in all micrographs. Arrowheads indicate prominent
vacuoles.
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'i

prcsynaptic neurotoxin possessing myotoxic and PLA2

activity (Harris & Maltin, 1982; Lind & Eaker, 1982), and
Pa-IG is a myotoxic PLA2 component (Gch et al., 1992).
Interestingly, lower sequence identity was seen with the
antiplatelct active death adder PLA2 components.

Due to the sequence homology and molecular mass
resemblance of acanmyotoxin-l to other elapid venom
PLA2 components, the specific activity of acanmyotoxin-l
was determined. High PLA2 activity was detected in both A.
rugosus venom and the isolated component. Given the high
PLA2 activity of A. rugosus whole venom it is possible that
the whole venom may have other components with high
PLA2 activity.

A. rugosus venom and acanmyotoxin-l were examined for
in vitro myotoxicity using the directly stimulated CBCNM
preparation. Both A. rugosus venom and acanmyotoxin-l
caused dose-dependent inhibition of direct twitches. Further-
more, both A. rugosus venom and acanmyotoxin-l induced a
dose-dependent increase in baseline tension. An inhibition of
direct twitches and a rise in baseline tension is indicative of
myotoxic activity (Harvey et al., 1994). In addition to these
results, light microscopy studies of tissues exposed to A.
rugosus venom and acanmyotoxin-l showed obvious mor-
phological changes in skeletal muscie compared to tissues
exposed to the vehicle. Together, these results suggest that
both A. rugosus venom and acanmyotoxin-l cause
myoloxicity.

Several studies have shown that some elapid venom PLA2

components, such as notcxin and notcchis II-5, arc myotoxic
as well as prcsynaptically ncurotoxic (Harris & Johnson,
1978; Harris, 1991; Dixon & Harris, 1996). Therefore,
acanmyotoxin-l was examined for in vitro neurotoxicity
using the indirectly stimulated CBCNM preparation. Acan-
myotoxin-l (0.1 pM) had no significant inhibitory effect on
the indirect twitch height compared to the vehicle control,
thus, suggesting it to be lacking in any detectable ncurotoxic
activity at this concentration. However, acanmyotoxin-l
(0.1 ;JM) caused a significant increase in baseline tension
compared to vehicle. Given the myotoxic activity, it was not
possible to further examine the neurotoxic activity of
acanmyotoxin-l at a higher concentration. In contrast to
acanmyotoxin-l (0.1 //M), paradoxin (0.07 //M) caused almost
full inhibition of the indirect twitches over 3 h. Electro-
physiological studies are required to further examine the
ncurotoxic activity of acanmyotoxin-l.

Due to habitat destruction and consequential decrease in
species population levels, death adder envenomations are a
rare occurrence in Australia, although these are still a
significant health problem in Papua New Guinea (Currie et
al,, 1991; Sutherland, 1992; Lalloo et al., 1995; 1996). CSL
death adder antivenom is indicated for use in envenomation
by any death adder species (AMH, 1998; White, 1998). Since
A. antarcticus venom lacks myotoxic activity, and given that
death adder antivenom has been raised against A. antarcticus
venom, it was of clinical relevance to examine the efficacy of
death adder antivenom against the in vitro myotoxicity of

acanmyotoxin-l. Previously, we have studied the efficacy of
CSL death adder antivenom against the in vitro neurotoxicity
of A. rugosus venom (Fry et al., 2001). Prior incubation of
antivenom (5 units ml"1) prevented the inhibition of direct
twitches and the increrse in baseline tension caused by
acanmyotoxin-l (1 /zM). Furthermore, antivenom prevented
morphological changes from occurring due to acanmyotostin-
1 (1 /iM). Thus, CSL death adder antivenom is effective in
neutralizing the in vitro myotoxic activity of acanmyotoxin-l.

In order to determine whether the PLA2 activity of
icanmyotoxin-1 is necessary for the myotoxic action,
acanmyotoxin-l was subjected to 4-BPB modification. Many
studies have shown that PLA2 activity can be inhibited by
selective acylation of His-48 using 4-BPB (Volwerk et al.,
1974; Abe et al., 1977). When acanmyotoxin-l was incubated
with 4-BPB, the enzymatic activity as well as myotoxic
activity was abolished. Thus, suggesting that PLA2 activity is
essential for the myotoxic activity of acanmyotoxin-1. In
contrast to acanmyotoxin- 1, some studies have shown that
Lys-49 PLA2 components lack catalytic activity on artificial
substrates (Soarcs et al., 2000; 2001). However, 4-BPB
modification of these Lys-49 PLA2 components prevented
some of their pharmacological effects (Soares et al., 2000;
2001). Thus, it was suggested that inhibition of the
pharmacological effects by 4-BPB modification were not
due to Vhe inhibition of enzymatic activity (Soares et al.,
2000). Recently, it has been shown that some Lys-49 PLA2

components are catalytically active on biological substrates
(Soarcs et al., 2002). Therefore, the observed reduction in
pharmacological effects after 4-BPB modification of Lys-49
PLA2 components may still be the result of inhibition of the
catalytic activity. However, it is possible that His-48 may be
important in the pharmacological site of PLA2 components.

In conclusion, A. rugosus venom caused dose-dependent in
vitro myotoxicity in the CBCNM preparation. Acsnmyotox-
in-1 is the first myotcxic component to be isolated from any
death adder venom. Although CSL death adder antivenom
has been raised against A. antarcticus venom it is effective in
neutralizing the myotoxic activity of acanmyotoxin-l.
Furthermore, studies with 4-BPB suggest that PLA2 activity
is essential for the myotoxic activity of acanmyotoxin-l.
Given the results of this study clinicians may need to be
mindful of possible myotoxicity following death adder
envenomation in Irian Jaya. In light of this finding, other
death adder venoms should be examined for myotoxic
activity.
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Based on early studies on Acanthophis antarcticus (common
death adder) venom, it has long been thought that death adder
snake venoms are devoid of myoSoxicity. However, a recent clin-
ical study reported rhabdomyolysis in patients following death
adder envenomations, in Papua New Guinea, by a species thought
to be different to A. antarcticus. Subsequently, a myotoxic phos-
pholipasc A] component was isolated from A. rugosus (Irian Jayan
death adder) venom. The present study examined the venoms of
A. praehngus (northern), A. pyrrhus (desert), A. hawkei (Barkly
Tableland), A. wellsi (black head), A. rugosus, A. sp. Scram and
the regional variants of A. antarcticus for in vitro myotoxicity.
Venoms (10-50 fig/ml) were examined for myotoxicity using the
chick directly ('J.1 Hz, 2 ms, supramaximal V) stimulated biventcr
ccrvicis nerve-muscle preparation. A significant contracfurc of
skeletal muscle and/or inhibition of direct twitches were consid-
ered signs of myotoxicity. This was confirmed by histdogicai
examination. AH venoms displayed high phospholipasc A2 activ-
ity. The venoms (10-50 jig/m') of A. sp. Seram, A. praehngus, A.
rugosus, and A. wellsi caused a significant inhibition of direct
twitches and an increase in baseline tension compared to the
vehicle (n = 4-6; two-way ANOVA,p < 0.05). Furthermore, these
venoms caused dose-dependent morphological changes in skeletal
muscle. In contrast, the venoms (10-50 jig/ml; n = 3-6) of A.
hawkei, A. pyrrhus, and regional variants of A. antarcticus were
devoid of myotoxicity. Prior incubation (10 min) of CSL death
adder antivenom (5 U/ml) prevented the myotoxicity a used by A.
up. Scram, A. praehngus, A. rugosus, and A. wellsi venoms (50
Mg/ml; n = 4-7). In conclusion, clinicians may need to be mindful
of possible myotoxicity following envenomations by A. praehngus,
A. rugosus, A. sp. Seram, and A. wclki species.

Key Words: Acanthophis; A. antarcticus; antivenom; death
adder; myotoxic; phospholipasc A,; A. praehngus; rhabdomyoly-
sis; A. rugosus; venom.

Death adders (genus Acanthophis) are unique among Aus-
tralian snakes in both morphology and behavior. Although
classified into the Elapidae family of snakes they are viper-like

' To whom correspondence should be addressed. Fax: +61-3-99055851.
E-mail: .

Taxuvlogica! Sciences 74(2), © Society of Toxicology 2003; all rights reserved.

in appearance and habit (Campbell, 1966; Cogger, 2000).
Death adders are the widest ranging of the Australian elapids
being found not only in continental Australia, but north
throughout the Torres Straight Islands, Papua New Guinea,
Irian Jaya, and the Indonesian islards of Seram, Ha'.mahera,
Obi, and Tanimbar. Although up to 12 species and 3 subspecies
of death adders have been described thus u r (Hoser, 1998),
considerable debate remains about species identification
(Wustcr et al., 1999). Of these, only the venom of the common
(A. antarcticus) death adder has been studied in detail.

Acanthophis antarcticus venom has previously been exam-
ined for lethality, ncurotoxicity, myotoxicity, and its effects on
blood coagulation, both experimentally. id clinically (Broad et
al, 1979; Campbell, J966; Kellaway, 1929a.b; Mebs and
Samejima. 1980; Sutherland et al., 1981; Wickramaratna and
Hodgson, 2001). In addition, five postsynaptic neuroloxins and
four phospholipase A : (PLA:) components have been isolated
and sequenced from A. antarcticus venom (Chow et al., 1998;
Kim andT/amiya, 1981a,b; Sheumack et al., 1979, 1990; Tyler
et al., 1997; van der Weyden et al., 1997). However, no
myotoxic components have been isolated from this venom.

Previously, using the ch>'ck isolated biventer cervicis nerve-
muscle (CBCNM) preparation, we studied the venoms of the
northern (A. praehngus), desert (A.pyrrhus), Barkly Tableland
04. hawkei), black head (A. wellsi), Irian Jayan (A. ntgosus),
and A. sp. Seram for in vitro neurotoxicity (Fry et al., 2001).
Ail venoms (1-10 /ig/ml) caused dose-dtpendent neurotoxic-
ity. which was postsynaptic in nature. In the same study, CSL
death adder antivenom (1 U/ml), which is raised against A.
antarcticus venom, prevented the neurotoxic effects of A.
pyrrhus, A. praehngus, and A. hawkei venoms. However, it
was markedly less effective against the venoms of A rugosus,
A. wellsi, and A. sp. Seram (Fry et al., 2001). At a higher
concentration, antivenom (5 U/ml) was effective against all
venoms. In another study, the venoms of major species and
regional variants of death adders were investigated by liquid
chromatography/mass spectromctry (Fry et al., 2002). This
study revealed a great diversity in venom composition.

Based on early studies on A. antarcticus venom it was
thought that death adder venoms were devoid of myotoxic
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activity (Sutherland et al, 1981). A. antarcticus venom dis-
played no niyotoxic activity in vivo in Rhesus monkeys (Ma-
caca fascicularis; Sutherland et al., 1981). In another study,
Mebs and Samejima (1980) fractionated A. antarcticus venom
by ion-exchange chromatography. None of the isolated frac-
tions caused myoglobinuria in mice after sc injection. How-
ever, a clinical study reported myotoxic activity following
death adder envenomations, in Papua New Guinea, by a spe-
cies thought to be different to .4. antarciicus (Lalloo et al..
1996). In this study one patient developed renal failure follow-
ing delayed presentation and two-thirds of envenomed patients
had significantly elevated creatine kinase levels (Lalloo et al.,
1996). This is suggestive of rhabdomyolysis and the possible
presence of myotoxic activity in the venom (Sutherland et al.,
19S1). Recently, we have shown that venom of the Irian Jayan
death adder (A. rugosus) causes dose-dependent in vitro myo-
toxicity, and subsequently isolated the first myotoxic PLA:

from a death adder venom (Wickramaratna et al., 2003). How-
ever, no studies have been performed to determine the effec-
tiveness of CSL death adder antivenom, which has been raised
against A. antarcticus venom, in neutralizing the myotoxic
activity of A. rugosus venom.

The first aim of this study was to examine the venoms of A.
praelongus, A. pyrrhus, A. hawkei, A. wellsi, A. sp. Seram, and
the regional variants of A. antarcticus for in vitro myotoxic
activity. The second was to determine the effectiveness of CSL
death adder antivenom in neutralizing the myotoxic activity of
death adder venoms.

MATERIALS AND METHODS

Venom preparation and storage. A. antarcticus venoms were obtained
from populations in New South Walts (NSW). Queensland (Qld), South
Australia (SA), and Western Australia (V» A). A. praelongus venom was from
populations in Caims, Queensland; A. pyrrlius venom from Alice Springs,
Northern Territory; A. wellsi venom from the Piibarra region of Western
Australia; A. hawkei venom from the Barkly Tableland region of Northern
Territory; A rugosus venom from Irian Jaya (West Papua), and A. sp. Seram
from the island of Seram, Indonesia. Venoms were either purchased from
Venom Supplies Pty. Ltd., South Australia, or milked from specimens caught
by Dr. Bryan Fry. For each geographic variant or species; venoms were
collected and pooled to minimize the effects ofindividu.il variations (Chippaux
et al., 1991). Freeze-dricd venoms and stock solutions of venoms prepared in
0.1% bovine serum albumin {USA) in 0.9% saline were stored at -20"C until
required.

Determination of phospholipase Aj activity. The PLA, activity of death
adder venoms was detennined using a secretory PLAj colon metric assay kit
(Cayman Chemical, Ann Arbor. Ml). The assay uses the 1,2-dithio analogue of
dihcptanoyl phosphatidylcholinc as a substrate. Free thiols generated upon
hydrolysis of the thio ester bond at the sn-2 position by PLA, are detected
using DTNB (5,5'-dithiobis(2-nitrobenzoic acid)). Color changes were moni-
tored by the CERES900C microplale reader (Bio-Tck Inv.rumcnts, Winooski,
VT) at 405 nm, sampling every min for a 5 min period. PLA, activity was
expressed as micromolcs of phosphntidylcholinc hydrolyscd per min per nig of
enzyme.

Inactivation ofPLA, activity with 4-broih<-f,!i)nm--:l bromide. The PLAj
activity of A. rugosus, A. sp. Scram, and A. praei,..-^ •:_ venoms were inhibited
by alkylation with 4-bromophcnacyI bromide (4-BPB). A. rugosus, A. sp.

Seram, and /«. praelongus venoms (10,000 y.$Jm\) were made up in sodium
cacodylate-HCI buffer (25 p\, 0.1 M, pH 6.0), and 4-BPB made up in acetone
was added to give a final concentration of 1.8 mM (Abe et al., 1977; Bell et
al.. 1998; Crachi et ai, 1999b). Each vial containing the above solution was
then incubated at 30eC for 16 h. AJ a positive control, A. rugosus, A. sp. Seram.
and A. praelongus venoms (10,000 /xg/ml) made up in sodium cacodylatc-HCl
buffer were incubated with acetone. As a negative control, sodium cacodylatc-
HCl buffer was incubated with 1.8 mM 4-BP8 in acetone.

Chick isolated biventer cervicis nerve-muscle preparation, Male White
leg horn chicks aged between 9 and 11 days were killed with CO; and both
biventer ccrvicis ncrvc-musclc preparations were removed. These were
mounted under I g resting tension in organ baths (5 ml) containing Krebs
solution of the following composition (mM): NaCI, 118.4; KCI, 4.7; MgSO4,
1.2; KH.PO4. 1.2; CaCl:. 2.5; NaHCO,. 25; and glucosr. 11.1. The Krebs
solution was bubbled with carbogen (95% O : and 5% CO,) and maintained at
34°C. Direct twitches were evoked by stimulating the muscle directly every
10 s ".>-'ith pulses of 2 ms duration ct a supramaxima! voltage (Harvey et al..
1994) uvng a Grass S88 stimulator. After a 30-min equilibration period, to
ensure selective stimulation of muscle, d-tubocurarinc (10 p.M) was added and
left in the or^an bath for the duration of the experiment. Death adder venoms
(10-50 fig/ml), 4-BPB modified A. rugosus, A. sp. Scram, and A. praelongus
venoms (50 p.gjm\) or relevant controls were left in contact with (he prepara-
tions for a 3 h period. A significant contracturc of skeletal muscle (i.e., a rise
in baseline) and/or inhibition of direct twitches were considered signs of
myotoxicity (Harvey et al., 1994). Where indicated, CSL death adder anti-
veiom (5 U/ml) was added 10 min prior (Barfaraz and Harvey. 1994; Crachi
et el., 1999a; Fry et al.. 2001; Wickramaratna and Hodgson. 2001) to the
addition of death adder venoms (50 /xg/ml).

Morphological studies. After tlvc conclusion of the functional myotoxic
experiments, the tissues were quickly placed in Tissue Tek and frozen with
liquid nitrogen. The tissues were s'ored at -80°C until required. Using a Leica
CM 1800 cryosiai, tissues were cut into transverse sections (14 /am) and placed
onto gelatin-coated slides. Tissue sections were post fixed for 15 min in a
solution containing 4% parafonnaldchyde in phosphate buffered saline (PBS;
(mcl/lj NaCI. 0.137; KH,PO,, 0.002; and Na,HPO4. 0.008). Tissue sections
were routinely stained with haemaioxylin and cosin, and examined under a
light microscope (Olympus BX 51. Olympus Optical Co., Japan). Areas
exhibiting typical pathological changes were photographed using an Olympus
C-40402OOM (Olympus Optical Co., Japan) digital camera.

Chemicals and drugs. The following drugs and chemicals were used:
4-bromophenacyl bromide (4-BPB), BSA, cacodylic acid (sodium cacodylate),
d-tubocurarine chloride, cosin, Mayer's Hcmatoxylin solution (Sigma Chem-
ical Co.. St. Louis, MO). Except where indicated, stock solutions were made
up in distilled water. 4-BPB was made up in acetone. Death adder amivenom,
which is raised against A. antarcticus venom in horses, was obtained from CSL
Ltd. (Melbourne, Australia).

Analysis of results and statistics. For isolated tissue experiments, re-
sponses were measured via a Grass force displacement transducer (FT03) and
recorded on a MacLab System. The twitch height was expressed as a percent-
age of the initial twitch height (i.e., prior to the addition of venom or vehicle).
Full data (i.e., response curves over a 3 h period) arc shown for twitch hcighf
and baseline tension at 50 /ig/ml venoms. However, for brevity full data are
not shown at venom concentrations of 10 ftg/m\ and 30 pig/ml. Instead, data
for all venom concentrations ore summarized in Figures 2u and 2b using only
the (witch height and baseline tension values at the 180-min time point.
Statistical difference was determined by a two-way ANOVA on the twitch
heights, at the 180-min time point, at different concentrations of venoms.
Likewise, a two-way ANOVA was performed on the contractile responses
induced by the venoms at different concentrations at the 180-min time point
(i.c, only the data at the 180-min time point have been statistically analyzed).
For 4-BPB modified venom studies, .statistical difference was determined by a
two-way ANOVA on the data at the 180-min time point. Statistical difference
between the PLA. activity of 4-BPB treated and untreated venom was deter-
mined by a Student's unpaired Mcst. All ANOVAs were followed by a
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Bonferroni-corrccted multiple /-test. Statistical significance was indicated
when p < 0.05. All statistical tests were carried out using the SigmaSlat (ver.
1.0) software package.

RESULTS

Phospholipase A2 Activity

High PLA2 activity was detected in all death adder venoms
(Table 1). While there was a large variation in the PLA2

activity of death adder venoms, A. pyrrhus venom had the
highest specific activity. 476.4 ± 12.4 /imol/min/mg (n - 12).
The positive control, bee venom PLA:, had a specific activity
of 287.5 ± 17.5 /xmol/niin/mg (n = 4). 4-BPB treated A.
rugosus, A. sp. Seram. and A. praelongus venoms had signif-
icantly reduced PLA; activities of 2.0 ± 0.9, 1.7 ± 1.1, and
1.8 ± 1.0 /i.mol/min/mg (n = 8) compared to their untreated
venoms with specific activities of 140.2 ± 10.4, 420.4 ± 10.8,
and 255.0 ± 8.6 /imol/min/mg, respectively (n = 6-8; Stu-
dent's unpaired Mest,;; < 0.05).

Chick Isolated Direcuy-Stimulated Bivcnter Cen'icis Nerve-
Muscle Preparation

Myotaxic studies. The venoms (10-50 /xg/ml) of A. ant-
arcticus (NSW, Old. SA, WA), A. hawkei, A. pyrrhus, and A.
welisi had no significant inhibitory effect on the direct twitches
compared to the vehicle (n = 3-6; two-way ANOVA, p <
0.0001; Figs, la and 2a). In contrast, A. sp. Seram venom
(10-50 /ig/ml) caused a significant inhibition of direct
twitches compaied to the vehicle (« = 4-6 ; Figs, la and 2a).
However, this effect was not concentration-dependen' as there
was no significant difference in the twitch inhibition caused by
A. sp. Seram venom at 10 tig/ml and 50 tig/ml (n = 4; Fig. 2a).
Both A. praelongus venom (30-50 /zg/ml) and A. rugosus
venom (30-50 /xg/ml) caused a significant inhibition of direct
twitches compared to the vehicle (;i = 4-6; Figs, la and 2a).
This effect was concentration-dependent with A. praelongus

TABLE 1
Phospholipase A3 Activity of Death Adder Venoms

Venoms PLAj activity (/imol/min/mg)"

A. amarciicus (NSW)
A. amarvticus (Qld)
A. antarcticus (SA)
A. diilarclicus (WA)
A. hawkei
A. praelongus
A. pyrrhus
A. rugosus
A. sp. Serajn
A. welisi

J45.8£8.4
142.1 - 1.6
125.0 £ 6.5
344.8 £ 14.0
318.0 £6.3
255.0 £ 8.6
476.4 £ 12.4
140.2 £ 10.4*
420.4 £ 10.8
119.8 £6.2

(a)
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FIG. I. The effect of Acanthophis venoms (10-50 /ig/ml: n = 3-6) or
vehicle (n = 6) on (a) direct twitches or (b) baseline tension of the CBCNM
preparation at the 180-min time point. *p < 0.05, significantly different from
vehicle, two-way ANOVA.

(50 /xg/ml) and A. rugosus (50 p.g/ml) venoms causing a
significantly greater inhibition of direct twitches compared to
A. praelongus and A. rugosus venom at 10 fig/ml, respectively
(n = 5-6; Fig. 2a). When taking all concentrations into con-
sideration/!, sp. Scram venom was significantly more potent in
causing direct twitch inhibition than cither A. praelongus
venom or A. rugosus venom (n = 4-6). In contrast, there was
no significant difference between A. praelongus venom and A.
rugosus venom (n = 5-6; Fig. 2a).

The venoms (10-50 /xg/ml) of A. antarcticus (NSW, Qld,
SA, WA). A. hawkei, and A. pyrrhus had no significant effect
on the baseline tension compared to :he vehicle (/i = 3-6;
two-way ANOVA, p < 0.0001; Figs. 1b and 2b). While A.
welisi venom (10-30 /xg/ml) had no significant effect on the
baseline tension, A. welisi venom (50 /ig/ml) induced a signif-
icant increase in baseline tension compared to the vehicle (n =
4-6). The venoms (10-50 /xg/ml) of A. sp. Scram, A. praelon-
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FIG. 2. The effect of Acanthophis venoms (50 /ig/ml: n = 3 - 6) or vehicle
(n = 6) on (a) direct iwitclics or (b) baseline tension of the CBCNM prepa-
ration. *p < 0.05, significantly different fr>ni vehicle, two-way ANOVA.

gus, and A. rugosus induced a significant increase in baseline
tension compared to the vehicle (;i = 4-6). However, there
was no significant difference in the baseline contraction caused
by A. sp. Seram venom at 10 yxg/ml and 50 /xg/ml (« - 4; Fig.
2b). This was also the case with A. praelongus and ,4. rugosus
venoms.

Antivenom studies. Prior incubation (10 min) of CSL death
adder antivenom (5 U/ml) prevented the inhibition of direct
twitches and the increase in baseline tension caused by A. sp.
Seram, A. praelongus, A. rugosus, and A. wellsi venoms (50
/ig/ml; n = 4-7; Figs. 3a,b). A. sp. Seram, A. praelongus, A.
rugosus, and A. wellsi venoms (50 /xg/ml) in the presence of
antivenom (5 U/ml) had no significant inhibitory effect on the
direct twitches compared to the antivenom control (n = 4-7;
Fig. 3a; one-way ANOVA, p = 0.49). Furthermore, A. sp.
Scram, A. praelongus, A. rugosus, and A. wellsi venoms (50
/xg/ml) in the presence of antivenoni (5 U/ml) had no signifi-
cant effect on the baseline tension compared to the anlivenoni
control (n = 4-7; Fig. 3b; one-way ANOVA. /; = 0.40).

4-BPB modified venom studies. A. rugosus, A. sp. Seram,
and A. praelongus venoms (50 /xg/ml) incubated with 4-BPB
had no significant inhibitory effect on direct twitches compared
to 4-BPB plus vehicle (n = 4-6; two-way ANOVA, /; <
0.0001; Fig. 4a). However, A. rugosus A. sp. Seram, and A.
praelongus venoms (50 /tg/ml) incubated with vehicle (ace-
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FIG. 3. "I"he effect of A. praelongus. A. rugosux, A. sp. Seram, and .4.
wellsi venoms (50 /ig/ml; n - 4-7) or vehicle (BSA; n - 4) in the presence
of aniivcnom (5 U/ml) on (a) direct twitches or (b) baseline tension of the
CBCNM preparation. *p < 0.05, significantly different from antivenom con-
trol, one-way ANOVA.
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FIG. 4. The effect of A. rugosus. A. &p. Seram. and A. pruehngns venoms
(50 Mg/ml; « = 4-6) or vehicle (sodium cacodylaie; n = 6) incubated with
4-BPB (1.8 raM) on (a) direct twitches or (b) baseline tension of the CBCNM
preparation. Positive control was A. nigosus, A. sp. Scram, and A. pruclongus
venoms (50 fig/m\; n = 5) incubated in vehicle (acetone). •/» < 0.05,
significantly different from 4-BPB plus vehicle, two-way ANOVA.

tone) significantly inhibited direct twitches compared to 4-BPB
plus vehicle (sodium cacodylate; n = 4 - 6 ; Fig. 4a). A. rugo-
sus, A. sp. Seram, and A. pmelongus venoms (50 /xg/ml)
incubated with 4-BPB had no significant effect on the baseline
tension compared to 4-BPB plus vehicle (n — 4-6; two-way
ANOVA, /> < 0.0001; Fig. 4b). However, A. rugosus, A. sp.
Scram, and A. pmelongus venoms (50 jug/ml) incubated with
vehicle induced a significant increase in baseline tension com-
pared to 4-BPB plus vehicle (n = 4-6; Fig. 4b).

Morphological studies. Light microscopy studies of tis-
sues exposed to A. sp. Seram, A. praelangus, A. rugosus. and
A. wellsi venoms (10-50 fig/m\) showed dose-dependent mor-
phological changes in skeletal muscle compared to the vehicle
control tissues (Figs. 5a-e; data not shown for other venoms).
These changes included the appearance of necrotic cells, vacu-
oles, edema, and cellular infiltrate. In contrast, tissues exposed

to A. antarcticus (NSW, Qld, SA, WA), A. hawkei. and A.
pyrrhus venoms (10-50 jig/ml) were similar in morphology to
the vehicle control tissues (Fig. 5f; data not shown for other
venoms). Prior incubation of CSL death adder antivenom (5
U/ml) prevented most of the morphological changes from
occurring due to A. sp. Seram, A. praclongus, A. rugosus, and
A. wellsi venoms. In the case of-4. rugosus venom (50 /xg/ml)
a few vacuoles were evident in some tissues even in the
presence, of antivenom (5 U/ml; Fig. 5g). There were no
detectable morphological changes in tissues equilibrated with
antivenom alone (data not shown). A. rugosus, A. sp. Seram.
and A. praelongus venoms (50 /ig/ml) incubated with vehicle
(i.e., acetone) induced morphological changes similar to the
corresponding venom (50 /.ig/ml). However, no detectable
morphological changes were seen in tissues exposed to A.
rugosus (Fig. 5h), A. sp. Seram and A. praelongus venoms (50
/ig/ml) incubated with 4-BPB or vehicle incubated with 4-BPB
(data not shown).

DISCUSSION

Based on earlier studies on A. antarcticus venom it was
thought that death adder venoms were devoid of myotoxic
activity (Mebs and Samejima, 1980; Sutherland el al, 1981).
However, a recent clinical study reported evidence of rhabdo-
myoiysis in patients following death adder envenomations, in
Papua New Guinea, by a species different to A. antarcticus
(Lalloo ct al, 1996). More recently, a myotoxic PLA2 from A.
rugosus venom was isolated (Wickramaratna el al., 2003).
Consequently, the present study examined the venoms of A.
praelongus, A. pyrrhus, A. hawkei, A. wellsi, A. sp. Scram, and
the regional variants of /i. antarcticus for in vitro myotoxic
activity. In addition, this study examined the effectiveness of
CSL death adder antivenom in neutralizing the myotoxic ac-
tivity of death adder venoms.

Death adder venoms were examined for in vitro myotoxicity
using the directly stimulated CBCNM preparation. A. antarcti-
cus (NSW, Qld, SA, WA), A. hawkei, and A. pyrrhus venoms
did not cause a significant inhibition of the direct twitch height
or an increase in the baseline tension. Furiiiermore, light mi-
croscopy studies indicated that tissues treated with these ven-
oms had morphology similar to vehicle control tissues. Thus,
these studies have shown that A. antarcticus (NSW, Qld, SA,
WA), A. hawkei, and A. pyrrhus venoms f e devoid of in vitro
myotoxic activity. While several previous studies have shown
that A. antarcticus venom is devoid of myotoxic activity none
have examined the regional variations of this venom (Mebs and
Samejima, 1980; Sutherland et al, 1981; Wickramaratna and
Hodgson. 2001). Liquid chromatography-mass spectrometry
studies have shown variations in venom composition among
the venoms of/, antarcticus regional variants (Fry et al, 2001,
2002). Furthermore, functional studies have shown variations
in neurotoxicity among the venoms of A. antarcticus regional
variants (Fry et al, 2001).
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Although A. wellsi venom had no effect on the direct twitch
height it induced a dose-dependent increase in baseline tension.
At the higher concentration, A. wellsi venorn also caused
morphological changes in skeletal muscle. Thus, suggesting
that at higher concentrations this venom causes in vitro myo-
toxic activity. Both A. praelongus and A. rugosus venoms
caused concentration-dependent inhibition of direct twitches,
and an increase in baseline tension. Inhibition of direct
twitches and a rise in baseline tension have been postulated to
be indicative of myotoxic activity (Harvey et al, 1994). Light
microscopy studies showed that tissues exposed to A. praelon-
gus and A. rugosus venoms caused dose-dependent morpho-
logical changes. Although we have previously shown that A.
rugosus venom causes in vitro myotoxic activity (Wickrama-
ratna et al., 2003), this venom was included in the present
study to allow for a comparison between venoms. In contrast to
this study, a previous study showed that A. praelongus venom
at 30 /ig/ml did not cause a significant inhibition of direct
twitches compared to the vehicle control (Wickramanitna and
Hodgson, 2001). However, in that study the venom did cause
a significant increase in baseline tension (Wickramaratna and
Hodgson, 2001). This previous study neither examined a
higher concentration of A. praelongus venom nor the morphol-
ogy of exposed tissues. The use of younger chicks in the
previous study may have contributed to this variability between
the two studies (Harris, 1991).

At all concentrations tested, A. sp. Seram venom caused a
significant inhibition of direct twitches and. an .increase in
baseline tension. However, the twitch inhibition and the in-
crease in baseline tension were not disc-dcpcndcit. Perhaps,
had lower concentrations been tested, a dosc-dcpcndcnt effect
may have been observed. Moirphological studies however,
showed dose-depcr.dent skelccal muscle changes in tissues
exposed to A. sp. Seram venom. Clearly, of all death adder
venoms tested, A. sp. Seram venom was the most myotoxic.

While death adder envenomations have been uncommon in
Australia in recent times due to habitat destruction and conse-
quent decimation of populations, they are still significant
health problem in Papua New Guinea and Irian Jaya (Curric,
2000; Currie etal.. 1991; Lalloo etai, 1995,1996; Sutherland,
1992). CSL death adder antivenom is the principal therapy for
envenomation by any death adder species (AMH, 2003; White,
1998). Since A. antarcticus venom lacks myotoxic activity, and
given that death adder antivenom has been raised against A.
antarcticus venom, it was of clinical relevance to examine the
efficacy of death adder antivenom against the in vitro myotox-
icity of A. praelongus, A. rugosus, A. sp. Scram, and A. wellsi
venoms. Prior incubation of antivenom totally prevented the
inhibition of direct twitches and the increase in baseline tension
caused by A. praelongus, A. rugosus, A. sp. Scram, and A.
wellsi venoms. In addition, antivenom prevented most of the
morphological changes from occurring due to these venoms.
Therefore, CSL death adder antivenom is effective in neutral-
izing the in vitro myotoxic activity of death adder venoms.

Previously, we have shown that death adder antivenom was
effective in neutralizing the in vitro myotoxic activity of acan-
myotoxin-1 (Wickramaratna et al., 2003).

Since the most important clinical symptoms of death adder
envenomations are due to postsynaptic neurotoxicity, anticho-
linesterase therapy has been suggested to supplement death
adder antivenom (Curric et al., 1988). Indeed, several clini-
cians have used anticholinesterases successfully to reduce the
amount of antivenom administered (Currie e? al., 1988; Lalloo
et al., 1996; Little and Pereira, 2000). Anticholinesterase ther-
apy has proven especially useful in Papua New Guinea and
Irian Jaya to reduce the high costs associated with the use of
death adder antivenom (Curric, 2C00). However, given the
results of the present study, clinicians may need to be mindful
of possible myotoxicity following envenomations from A.
praelongus, A. rugosus, A. sp, Seram, and A. wellsi species.
With concomitant anticholinestemse therapy the neurotoxicity
of death adder envenomations may resolve, however, un-
checked myotoxicity could cause myoglobinuria and then renal
failure.

Previously it was shown that acaninyotoxin-1, a myotoxic
component from A. rugosus venom, contained high PLA2

activity (Wickramaratna et al., 2003). Studies have also shown
that myotoxic fractions from other Australian elapid venoms
contain PLA2 activity (Harris and MacDonell, 1981; Mebs and
Sarnejima, 1980). Liquid chromatography-mass spectrometry
studies have shown that death adder venoms contain numerous
components with molecular weights representative of PLA2s
(Fry et al., 2002). Therefore, death adder venoms were exam-
ined for PLA2 activity. While high PLA2 activity was detected
in all death adder venoms, A. pyrrhus venom had the highest
specific activity. In order to examine whether the PLAj activity
of A. rugosus, A. sp. Seram, and A. praelongus venoms is
necessary for the myotoxic action, these venoms were sub-
jected to 4-BPB modification. Although a myotoxic PLAj
component has previously been isolated from A. rugosus
venom this venom was subjected to 4-BPB modification to
determine the presence of other components that may cause
myotoxioity but are not mediated by PLA2 activity. Studies
have shown that PLA2 activity can be inhibited by acylation
using 4-BPB (Abe et al., 1977; Volwerk et al., 1974). 4-BPB
treated A. rugosus, A. sp. Scram, and A. praelongus venoms
had significantly reduced PLA2 activity and no myotoxic ac-
tivity. Thus, suggesting that PLA; activity is necessary for the
myotoxic activity of these death adder venoms. However, KO
direct relationship was found between the degree of PLA2

activity and the niyotoxic activity of death adder venoms. For
example, while A. pyrrhus venom had the highest PLA2 activ-
ity it was devoid of niyotoxic activity. THs suggests the
presence of other non-myotoxic PLA3 components in those
non-myotoxic death adder venoms. In fact, several PLA2 com-
ponents with antiplatelet activity have been isolated from A.
antarcticus and A. praelongus venoms (Chow et al., 1998;
Sim, 1998). Similarly, it is possible that other non-myotoxic
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PLAj components may also contribute to the PLA2 activity of
myoioxic death adder venoms.

In conclusion, A. sp. Scram, A. praelongus, A. rugosus, and
A. wellsi venoms caused in viirr- myotoxicity in the CBCNM
preparation. In contrast. A. antarcticus (NSW, Qld, SA, WA),
A. hawkei, and A. pyrrhus venoms were devoid of myotoxic
activity. Although CSL death adder antivcnoni has been raised
against A. antarcticus venom it is effective in neutralizing the
myotoxic activity of A, praclongus, A. rugosus, A. sp. Seram.
and A. wellsi venoms. Given the results of this study clinicians
need to be mindful of possible myotoxicity following enveno-
mations by A. praelongus, A. rugosus, A. sp. Seram, and A.
wellsi death adder species.
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General Discussion

The venom of the common death adder {A. antarcticus) was first studied

pharmacologically in 1929 (Fairley, 1929a,b; Kellaway, 1929a,b). However, other death

adder venoms have been poorly studied. In fact, no pharmacological studies have been

undertaken on venoms from the Barkly Tableland {A. hawkei), Pilbarra {A. wellsi), or Irian

Jayan (A. rugosus) death adders, nor from death adders from the Indonesian island of

Seram (A. sp. Seram). Furthermore, previous studies did not make a distinction between

the four geographic populations of A. antarcticus. In the current study, venoms from A.

hawkei, A. praelongus, A. pyrrhus, A. rugosus, A. sp. Seram, A. wellsi and four geographic

variants of A. antarcticus (NSW; Qld; SA; WA) were studied for in vitro neurotoxicity and

myotoxicity. In addition, the efficacy of CSL death adder antivenom against the in vitro

neurotoxicity and myotoxicity of these venoms was examined. The first ever myotoxin

from a death adder venom, as well as two neurotoxins from A. rugosus and A. sp. Seram

venoms were isolated and characterised.

Clinically, the most important symptoms of death adder envenomations are those

relating to neurotoxicity, such as ptosis, generalized paralysis and respiratory failure

(Campbell, 1966; Lalloo et ai, 1996). Hence, the above mentioned venoms were examined

for in vitro neurotoxicity using the chick biventer cervicis nerve-muscle preparation. All

venoms (0.3 - 10 u,g/ml) caused concentration-dependent inhibition of nerve mediated

twitches, and blocked contractile responses to exogenous acetylcholine and carbachol,

suggesting postsynaptic neurotoxicity.

Given the obvious ethical concerns and complex regulatory requirements involved in

gaining approval for murine LD50 studies in many countries, including Australia, they have

been largely superseded by in vitro studies. As discussed in chapter two, one method of

ranking venom neurotoxicity is by using isolated skeletal muscle preparations and

comparing the time taken to cause 90% inhibition of nerve mediated twitches (ie. 1%
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value). Table 6.1 compares the tgo values of death adder venoms with those of other

Australasian and Asian-Pacific snake venoms that have been previously examined in our

laboratory. Based on tgo values, the rank order of neurotoxicity of the snake venoms was:

sea snake(s) > sea krait > death adder > tiger snake > yellow (Stephen's) banded snake >

Australian copperhead > taipan venoms. While sea snakes and sea kraits seem to contain

the most neurotoxic venom, some death adder venoms are not far behind. In fact, among

the terrestrial snakes death adder venoms are the most neurotoxic. However, as previously

discussed in chapter two, it is likely that tgo values and LD50 values do not equate to the

same parameters of toxicity. The rank order of lethality based on murine LL>SOS of snake

venoms was: taipan > tiger snake > beaked sea snake > common death adder > Australian

copperhead > yellow (Stephen's) banded snake (Broad et ai, 1979). While murine LD50

determinations are based on "quantity" (ie. what concentration of venom kills 50% of mice

usually over a 24 - 48 hour period), tgo values are based on how "quick" a venom acts.

Therefore, it is possible to have an extremely "lethal" venom (based on LD50 values) that

takes a long time to produce its effects. However, venoms with potent postsynaptic

neurotoxins, which act rapidly, are likely to rank highly using the in vitro technique.

T L .herefore, knowledge of both parameters is still desirable.

Given that murine LD50 studies are based on whole animals they take into account

the lethality of numerous toxic components (i.e. neurotoxins, cardiotoxins, myotoxins,

haemolytic factors, coagulant and anticoagulant factors), acting via different mechanisms,

present in crude venom. Obviously, this is not the case with in vitro neurotoxicity studies

and is a limitation of this procedure. However, neuromuscular paralysis is one of the most

important effects of Australasian elapid envenomations. Therefore, in the absence of LD50

studies in vitro neurotoxicity studies provide valuable information.
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Table 6.1 A comparison of the lethality (LD50) and neurotoxicity (tgc values) of a range of

Australasian / Asian-Pacific snake venoms

Common Name

Beaked sea snake
(Malaysia)*
Dusky sea snake
Beaked sea snake (Weipa,
Australia)*
Banded sea krait
Olive sea ?nake
Common death adder (New
South Wales)*
Leaf scaled sea snake

Common death adder
(Queensland)*
Seram death adder
Pilbarra death adder
Common death adder
(South Australia)*
Desert death adder
Common death adder
(Western Australia)*
Irian Jayan death adder
Northern death adder
Hardwick's sea snake
(Weipa, Australia)*
Hardwick's sea snake
(Malaysia)*
Tiger snake
Barkly tableland death
adder
Yellow banded snake

Australian copperhead
Inland taipan

Coastal taipan
Papuan taipan

Scientific Name

Enhydrina schistosa

A ipysurus fuscus
E. schistosa

Laticauda colubrine
A ipysurus lae\>is
Acanthophis
antarcticus
A ipysurus
foliosquamatus
A. antarcticus

A. sp. Seram
A. wellsi
A. antarcticus

A. pyrrhus
A. antarcticus

A. rugosus
A. praelongus
Lapemis hardwickii

L. hardwickii

Notechis scutatus
A. hawkei

Hoplocephalus
stephensi
Austrelaps super bus
Oxyuranus
microlepidotus
0. s. scutellatus
O. s. canni

LD50
(mg/kg, s.c.)\|/

0.173

ND
ND

ND
ND

0.338

ND

0.338

ND
ND

0.338

ND
0.338

ND
ND
ND

ND

0.118
ND

1.44

0.500
0.010

0.064
0.051

t90 @ 3u.g/ml
(min)

10.5lO.7t

13.0+ 1.4t
13.11 1.6t

14.6 + 0.5t
15.51 1.6t
15.81 1.3}

18.0+ 1.4t

20.7 11.8a

21.1 1 1.0}
23.7 + 5.4}
28.2 + 2.5}

28.5 ± 1.8°
29.8 15.0}

30.613.5}
32.613.03

33.5i3.6t

36.514.7t

38.1 ±6.1§
40.9 + 5.5}

46.716.7§

89.2 19.8§
ND

ND
ND

tyo@ lOfig/ml
(min)
ND

ND
ND

ND
ND

10.2 + 0.6}

ND

9.610.9}

7.710.5}
12.7+ 1.8}
11.4+ 1.4}

18.9 + 4.7}
9.8+1.1}

10.510.5}
20.012.3}

ND

ND

21.71 1.6%
17.4+1.9}

19.7 11.7§

25.6 1 2.5§
2 9 i 3 b

4313"
4514"

Snake venoms are ranked by tm at 3jug/ml. Data shown are mean + SEM.
ND: not determined.
*Geographical variants; location indicated in parentheses.
v}/Data from Broad et al. (1979)
t Unpublished data from our laboratory.
} Data from Chapter 2
§ Data from Hodgson et al. (2003)
a Data from Wickramaratna & Hodgson (2001)
b Data from Crachi et al. (1999)
This table has been published in a similar form in Hodgson & Wickramaratna (2002).
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A previous study in our laboratory showed that CSL death adder antivenom, while

very effective against A. praelongus and A. pyrrhus venoms, was significantly less

effective against the neurotoxicity of A. antarcticus (Qld) venom (Wickramaratna &

Hodgson, 2001). Therefore, it was hypothesised that although death adder antivenom was

raised against A. antarcticus venom it is possible that it may not have been raised against a

pool of A. antarcticus venoms representative of all geographic variations. Thus, the

antivenom may lack the ability to neutralise some neurotoxic components of venoms from

sub-populations of A. antarcticus species (Schenberg, 1963; Wickramaratna & Hodgson,

2001). To investigate this hypothesis the efficacy of CSL death adder antivenom was

examined against the in vitro neurotoxicity of venoms from A. antarcticus geographic

variants. It was also of clinical relevance to determine the effectiveness of death adder

antivenom against the in vitro neurotoxicity of those unstudied death adder venoms

(Currie, 2000).

Studies described in chapter two showed that CSL death adder antivenom (1 unit/ml)

was very effective against the neurotoxicity of A. hawkei, A. praelongus and A. pyrrhus

venoms, while markedly less effective against A. antarcticus (NSW; SA; WA), A. rugosus

and A. sp. Seram venoms. It was surprising that antivenom raised against A. antarcticus

venom was markedly less effective against the neurotoxicity of all venoms from A.

antarcticus geographical variants compared to venoms from A. hawkei, A. praelongus and

A. pyrrhus. It is possible that death ^dder antivenom may neutralise some neurotoxins

within the venoms better than others. This v>$ '•jiifirmed by studies described in chapter

three, utilising isolated neurotoxins from A. sp. Seram and A. rugosus venoms. Antivenom

(1 unit/ml) had no significant effect on the twitch inhibition caused by acantoxin IVa.

However, under the same conditions, antivenom totally prevented the twitch inhibition of

acantoxin Va. This suggests that acantoxin IVa is one of the neurotoxic components
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present in A. sp. Seram venom that is not readily neutralised by death adder anti venom.

The same cannot be said of acantoxin Va. A higher concentration of anti venom (i.e. 5

units/ml) was required to prevent the twitch inhibition caused by acantoxin IVa. Similarly,

the higher concentration of antivenom was effective against all death adder venoms.

Therefore, it can be said that, the effectiveness of death adder antivenom is dependent on its

ability to neutralise the different neurotoxins within the whole venoms. Indeed, it has been

shown that subtle changes in the primary sequence of neurotoxins can confer protection

against antivenom (Abe & Tamiya, 1979; Menez et ai, 1982; Menez, 1991).

Liquid chromatography - mass spectrometry (LC-MS) studies revealed that a

molecular mass representing acantoxin IVa is not found in any other death adder venom

other than A. sp. Seram venom (refer chapter two & appendix; Fry et ai, 2002). However,

it is likely that those death adder venoms less susceptible to neutralisation by antivenom

may also contain neurotoxins that confer some protection against antivenom. LC-MS

profiles of venoms from the A. antarcticus geographic variants showed a lesser degree of

variability than observed between species. Based on these variations, Fry et al. (2002)

suggested taxonomic relationships among death adder species. LC-MS studies indicated

that venoms of A. hawkei, A. rugosus and A. sp. Seram are distinctive from other death

adder venoms examined. However, caution must be shown when interpreting variations in

venom since it has been suggested that venom composition may change as a result of

feeding on local prey (Daltry ei ai, 1996).

Given that the most important clinical symptoms of death adder envenomations are

due to postsynaptic neurotoxicity, anticholinesterase therapy has been suggested as a

supplement to death adder antivenom (Cunie et al, 1988). A marked recovery of

neurotoxicity in death adder envenomed patients was observed after anticholinesterase

treatment (Currie et ai, 1988; Hudson, 1988; Lalloo et ai, 1996; Little & Pereira, 2000).
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However, Sutherland and Tibballs (2001) cautioned that anticholinesterase treatment was

no substitute for antivenom therapy as the effects are transient. They also suggested that a

neurophysiological study should be undertaken to confirm the effectiveness of

anticholinesterases against death adder envenomation. Studies described in chapter two

showed that the recover}' of neurotoxicity due to the anticholinesterase neostigmine was

transient in nature. Furthermore, the anticholinesterase had no significant effect on the

overall neurotoxicity of any death adder venom as determined by the /po values.

Neostigmine had a very similar effect on both acaritoxin IVa and acantoxin Va (refer

chapter 3). Given the pseudo-irreversible nature of the antagonism caused by neurotoxins

present in death adder venoms, it is no surprise that the neurotoxicity is not easily reversed.

Perhaps, a more convincing reversal with neostigmine may have been obtained had a much

lower concentration of these venoms and toxins been examined. Furthermore, it is possible

that death adder neurotoxins may bind to nicotinic acetylcholine receptors in the chick

biventer preparation more tightly than they do at mammalian and human skeletal muscle

receptors. However, unpublished studies in our laboratory utilising the mouse phrenic

nerve-diaphragm preparation also provided very similar results. Future studies could be

carried out examining the effectiveness of a combination of anticholinesterase and

antivenom against die in vitro neurotoxicity of death adder venoms.

Studies described in chapter two showed that the neurotoxicity of death adder

venoms is predominately postsynaptic in nature. Prior to the current study, neurotoxins had

not been isolated from any other death adder venom except those from A. antarcticus

venom. Furthermore, the neurotoxins isolated from A. antarcticus venom have been poorly

characterised pharmacologically. Hence, acantoxin IVa and acantoxin Va represent the

first neurotoxins isolated from A. sp. Seram and A. rugosus death adder venoms,

respectively. Although acantoxin IVa has a similar potency to ot-bungarotoxin for skeletal
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muscle nAChR it is approximately 25,000 fold less potent at a7-type nAChR. While

acantoxin Va was several fold less potent than acantoxin IVa at skeletal muscle nAChR, it

was approximately 350 fold more potent than acantoxin IVa at a7-type neuronal nAChR.

However, in contrast to long-chain neurotoxins, acantoxin IVa completely inhibited

specific [3H]-MLA binding in rat hippocampus homogenate. Clearly, long-chain

neurotoxin resistant [3H]-MLA binding requires further investigation. While MLA is

thought to be a selective antagonist of a7-type neuronal nAChR, a recent study found that

MLA may also interact with presumed a3/a6p2p3-type neuronal nAChR in the rat striatal

dopaminergic nerve terminals at low concentrations (Mogg et al, 2002). Therefore, this

opens up the possibility that long-chain neurotoxin resistant [3H]-MLA binding may

represent another subtype of nAChR. However, as mentioned in chapter three, detailed

autoradiographical analysis has shown that the distribution of [l25I]-oc-bungarotoxin and

[3H]-MLA binding sites correlate highly. Therefore, it is unlikely that long-chain

neurotoxin resistant [3H]-MLA binding would represent another type of nAChR (Davies et

al, 1999; Whiteaker et al., 1999). Theories most favoured by Davies et al. (1999) and

Whiteaker et al. (1999) for explaining this phenomenon are: (i) while small nicotinic

ligands may occupy all five ct7-subunits simultaneously the large size of a-bungarotoxin

(MW = 7994) may hinder the binding to all five subunits simultaneously; (ii) due to the

large size of ct-bungarotoxin it may not have full access to receptors in all of the different

membrane compartments preserved or created during membrane preparation. For the first

time studies described in chapter three have shown that a short-chain neurotoxin (only

about 1 kD smaller than a-bungarotoxin) is capable of fully inhibiting specific [3H]-MLA

binding in hippocampus homogenate.

A short-chain neurotoxin, as opposed to long-chain neurotoxins, was capable of

blocking nicotine-evoked release of dopamine in the rat striatum (Dajas-Bailador et al.,
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1998). Therefore, acantoxin IVa and acantoxin Va were examined for activity at other

neuronal nAChR. Neither acantoxin IVa nor acantoxin Va displayed activity at a

subtype neuronal nAChR or cytisine-resistant [3H]-epibatidine binding sites. Furthermore,

acantoxin IVa had no activity at ganglionic nAChR. In future, it would be interesting to

determine whether acantoxin IVa is capable of blocking nicotine-evoked release of

dopamine in the rat striatum. Furthermore, [l25I]-acantoxin IVa could be utilised to study

whether short-chain neurotoxins preferentially bind to another neuronal nAChR compared

to long-chain neurotoxins.

Based on earlier studies on A. antarcticus venom it was thought that death adder

venoms were devoid of myotoxic activity (Mebs & Samejima, 1980; Sutherland et al,

1981). A clinical study reported myotoxic activity in vivo following death adder

envenomations, in Papua New Guinea, by a species thought to be different to A.

antarcticus (Lalioo et al, 1996). Guided by LC-MS studies the first myotoxic PLA2

component was isolated from death adder venom. Acanmyotoxin-1, isolated from A.

rugosus venom, caused dose-dependent myotoxicity in the chick biventer preparation.

Antivenom studies showed that CSL death adder antivenom was effective in neutralising

the myotoxic activity of acanmyotoxin-1. Studies described in chapter four also indicated

that PLA2 activity is essential for the myotoxic activity of acanmyotoxin-1.

Following the isolation of acanmyotoxin-1 death adder venoms were examined for

in vitro myotoxicity. Studies showed that A. sp. Seram, A. praehngus, A. rugosus and A.

wellsi venoms are myotoxic, while A. antarcticus (NSW; Qld; SA; WA), A. hawkei and A.

pyrrhus venoms are devoid of myotoxic activity. Although CSL death adder antivenom has

been raised against A. antarcticus venom it was effective in neutralising the myotoxic

activity of A. praelongus, A. rugosus, A. sp. Seram and A. wellsi venoms. Given the results

of this study clinicians need to be mindful of possible myotoxicity following
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envenomations by A. praelongus, A. rugosus, A. sp. Seram and A. wellsi death adder

species. Further studies based on an //; vivo animal model would be useful to determine

whether the myotoxins in death adder venoms cause systemic effects away from the site of

injection.

In conclusion, it is anticipated that these in vitro neurotoxicity and myotoxicity

studies on death adder venoms will be of potential clinical relevance. Furthermore, the first

ever myotoxin from a death adder venom, as well as two neurotoxins from A. rugosus and

A. sp. Seram venoms, were isolated and characterised. It is anticipated that future studies

may use acantoxin IVa and acantoxin Va as research tools to further study neuronal

nicotinic acetylcholine receptors.
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Death adders (genus Acanthophis) are unique among elapid snakes in both morphology and venom
composition. Despite this genus being among the most divergent of all elapids, the venom has been
historically regarded as relatively quite simple. In this study, liquid chromatography/mass
spectrometry (LC/MS) analysis has revealed a much greater diversity in venom composition,
including the presence of molecules of novel molecular weights that may represent a new class of
venom component. Furthermore, significant variation exists between species and populations,
which allow for the LC/MS fingerprinting of each species. Mass profiling of Acanthophis venon s
clearly demonstrates the effectiveness of this technique which underpins fundamental studies
ranging from chemotaxonomy to drug design. Copyright © 2002 John Wiley & Sons, Ltd.

Death adders (genus Acanthophis) are unique among elapids
in both morphology and venom composition. They are the
only elapids that are viper-like in appearance and habit, with
all species characterised by a somewhat flattened, triangular
head, short stout body and thin rat-like tail ending in a
curved spine.1 The tail is used as a caudal lure to attract birds
and reptiles. In addition, death adders are the only elapids
with semi-mobile fangs. This, in some respects, makes them
the most evolved of all elapids, and morphologically
intermediate between the Elapidae and the Vipcridae. The
species-level taxonomy of these animals is poorly icsolved
with a recent amateur revision2 only serving to furthei
muddy the waters.3"5

Death adders arc the widest ranging of the Australian
elapids, being found not only in continental Australia, but
north throughout the Torres Straight Islands, Papua New
Guinea, Irian Jaya and through the Indonesian islands such as
Seram, Halmahera, Obi and Tanimbar. In addition, due to trie
cryptozoic nature of these snakes, great differences in mor-
phology can be observed even between geographically adjacent
populations. This is particularly true of island forms, since

*Conespondence to: B. G. Fry, Australian Venom Research Unit,
Department of Pharmacology, University of Melbourne, Park-
ville, Vic 3010 Australia.
E-mail: bgf@unimelb.eriu.au
Contract/grant sponsor: Australia Geographical Society.
Contract/grant sponsor: The University of Melbourne.
Contract/grant sponsor: The University of Queensland.

tX>!:10.1002/rcm.613

these snakes rre far less adept swimmers than other elapids,
and gene flow between islands may thus be very restricted.

Death adder venoms have long bet.n considered unique in
being made up overwhelmingly by alpha postsynaptic
neurotoxins.6 Only recently have phospholipase A3 toxins
been isolated.7"9 The peptidic neurotoxins found in Aus-
tralian elapids all bind with high affinity to skeletal nicotinic
acetylcholine receptors. However, two subgroups exist,
differing in size, from an average of slightly above 60 amino
acids (short diain) versus an average of 73 amino acids (long
chain), and having either four or five disulfide bridges,
respectively. These structural differences are due to the long-
chain toxins having a C-terminal extension.10 The majority of
the Australian elapid PLA2s are basic, 118 amino acids, have
seven disulfide bonds and molecular weights in the range
12-14 kDa.

Deaih adder envenomations are a rare occurrence in
Australia, but remain a significant health problem in Papua
New Guinea.21"13 Clinical symptoms of envenomation by
Acanthophis spp. include those relating to the paralysis of
bulbar and ocular muscles, and death occurs through
inhibition of respiration due to paralysis of the voluntary
muscics.1415 However, these studies also unexpectedly
reported rhabdomyolysis in rodent assays and bleeding/
coagulopathy in proven Acanthophis victims in Port Moresby
(Papua New Guinea). These effects indicate that in some
populations significant amounts of toxins other than
neurotoxins are present. A previous study ?Uso showed

Copyright (C 2002 John Yvi.'ey & Sons, Lid.
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significant differences in the ability of antivenom to reverse
the effects of venom in vitro?6

The current study focused upon the major Acanthophis
variants from continental Australia and islands in the Indo-
Pacific region. Venom was profiled using liquid chroma-
tography/mass spectrometry (LC/MS), a technique pre-
viously used to fingerprint a diverse array of venoms
ranging from the Brachypelma genus of tarantula17 through
cone snails,18 Further, mass spectrometric analysis was
uniquely utilised to examine evolutionary trends in amphi-
bians through the examination of skin toxins.19 This study
used LC/MS to profile the venoms to determine if patterns
between species can be distinguished, and whether si'xh
profiles can contribute to the elucidation of the taxonomy of
these animals. Particular attention was paid to the relation-
ships between the A. praelongus populations.

MATERIALS AND METHODS

Species examined
Venoms from a number of populations of death adder were
examined. In view of the confusion surrounding the systema-
tics of this group, a discussion of the affinities of the venoms
involved is crucial to allow the interpretation of our results in
the light of future systematic findings.4 Acanthophis antarcticus
(common death adder) is the widest ranging species, with two
disjunct geographic ranges, New South Wales/Queensland
and South Australia/ Western Australia. Venom was obtained
from populations in New South Wales (Eden), Queensland
(Gold Coast), South Australia (Eyre Penninsula), and Western
Australia (Darling Range). The Seram death adder (Acantho-
phis: sp.) is an unnamed species from the island of Seram.
Similar populations may be found on the islands of
Halmahera, Obi and Tanimbar. The Barkly Tableland death
adder is an isolated form from the Barkly Tableland region of
the Northern Territory. It was described as a new species,
Acanthophis luwkei?0 However, this was not recognised by
most subsequent authors,1 and its status remains to be
resolved. Acanlhophis praelongus (northern death adder) is a
wide ranging species found in northern Queensland and the
Northern Territory, and may in fact be a species complex, but
its status at this time is far from resolved (K. Aplin, Western
Australian Museum, personal communication). Oui venoms
are represented by the four main geographical variations,
referred to by Hoser2 as A. praelongus (Cairns, Queensland), A.
woolfi (Mt. Isa, Queensland), A. lancasteri (Hayes Creek,
Northern Territory) and A. cummingi (Humpty Doo, Northern
Territory). However, in view of the lack of evidence for this
taxonomic arrangement, the praelongus populations will be
referred to in this text simpiy by geographical region, i.e.,
Cairns (pra-cai), Mt. Isa (pra-isa), Hayes Creek (pra-hay) and
Humpty Doo (pra-hum), Acanthophis pyrrhus (disert death
adder) is found in desert regions from western to central
Australia. The venoms used in this study originate from
specimens from the Alice Springs area. The Irian jaya death
adder is a problematic taxon, which was first described as
Acanthophis antarclicus rugosus.2i This taxon is not widely
recognised in the literature, and is usually regarded as a
synonym of A. antarcticus or A. praelongus. However, in the
absence of clear evidence of conspecificity with any of the

Copyright © 2002 John Wiley & Sons, Ltd.
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Australian mainland Acanthophis, we tentatively treat this
form as a full species, A. rugosus. Our venoms come from the
Merauke area of Irian Jaya. Acanthophis tvellsi (Pilbara death
adder, also called Biack Head death adder) is found in the
Pilbara region of Western Australia. The validity of this
species has recently been confirmed.22

Venom collection
Pooled venoms for particular populations or geographic
ranges were used for all species to minimise the effects of
individual variations,23 with at 'east six unrelated adults of
both sexes making up each pool. Collection of venom from
snakes utilised the naturally aggressive nature of these
species, where venom is collected from the fang tips of an
irritated specimen through the specimen biting down on a
latex covered specimen bottle and injecting the venom
Polyethylene materials (polyethylene pipette tips, polyethy •
lene Eppendorf tubes, specimen bottles) were used to handle
and contain the venom due to the strong affinity some
peptides possess for glass and polystyrene. The venom was
dissolved in 0.1% trifluoroacetic acid (TFA)/H2O solution
for sample transfer and then iyophilised for storage. Venoms
were collected by the first author with the exception of A.
rugesus and A. sp, Seram, which were purchased from
Venom Supplies, Tanunda, South Australia.

Liquid chromatography/mass spectromehy
On-line LC/MS of venom samples dissolved in 0.1% TFA to
a concentration of ~1 mg/mL was performed on a Phenom-
enex C18 analytical column (1 x 150 mm, 5u particle size,
200 A) with solvent A (0.05% TFA) and solvent B (90%
acwtonitrile in 0.045% TFA) at a flow rate of 50 uL/min. The
so vent delivery and gradient formation was a 1% gradient
from 0 to 60% acetonitrile/0.05% TFA over 60min. Electro-
spray mass spectra were acquired on a r'E-SCIEX API 300
LC/MS/MS system with an Ionspray atmospheric pressure
ionisation source. Samples (10 uL) were injected manually
into the LC/MS system and analysed in positive ion mode.
Full scan data was acquired at an orifice potential of 80 V
over the ion range 600-3000 tn/z with a step size of 0.2 u. Data
processing was performed with the aid of the so'/tware
package Siomultiview (PE-SCIEX, Canada).

RP-HPLC
The column used was a Vydac Preparative C18 column
(20 x 250 mm, 10 u, 300 A) on a Waters 600 HPLC system
and UV absorbance was monitored at 214 nm by a Waters
486 tuneable absorbance detector. Samples were dissolved in
2 STIL of buffer A (0.1% TFA), manually injected and then the
column run at 100% A to wash off the concentrated salts
present. The following gradient conditions of buffer B (90%
acetonitrile, 0.09% TFA) were then used: 0 to 60% over 60 min
(1% gradient) and then 60 to 80% in 5 min (4% gradient).

Edman degradation sequencing
Reductioiy'alkylation
Pure peptice (0.1 mg) was dissolved in 100 uL of 0.1 M
ammonium bicarbonate at pH 7.0. Ten uL of 0.1 M tris(car-
boxyethyl)phosphine HC1 (TCEP; pH 7) was added and
incubated at 50°C for 20-ZQ min. Thirty uL of 0.1 M

Rapid Commun. Mass Sptctrom. 2002; 16; 600-608
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Figure 1. Representative LC/MS profiles of Acanthophis venom. Shown is the
Western Australian population of Acanthophis aniarticus. Mass (in Da) is given
above each peak for each component present. A 1%/min gradient of acetonitrile
was used.

maleimide were then added and incubated at 50CC for a
further 20-30 nvjv Maleimide added 97 u per cysteine and
nnss spectroscopy showed an increase of 194 Da per
disulfide bond. The reduced/alkylated peptides were N-
terminally sequenced using Edman degradation chemistry
on an Applied Biosystems 477 A protein sequencer.

Data analysis
In order to visualise the pattern of variation in venoms, all
components present were scored as present or absent (0 or 1)
for each venom. Results were analysed for a tolerance of 1-
2 Da for interpretation of the results. Both phenetic and
phylogenetic methods of analysis were employed: principal
coordinates analysis and UPGMA were implemented using
the MVSP (multivariate statistical package) sof twe (Ko-
vach Computing Services, Pertraeth, Anglesey, UK). The
phenetic analyses were run on a matrix of Gower general
similarity coefficients, which emphasise the shared presence
rather than the shared absence of components.

An unrooted parsimony network was constructed using
PAUP*4.0b8, using branch-and-bound searching. Due tc the
somewhat isolated and uncertain phylogenetic pc. "tion of
Acanthophis among Australasian elapids,24"25 choosing an
outgroup venom turned out to be impractical. Branch
support was assessed by means of bootstrap analysis, using
10000 pseudoreplicates and branch-and-bound searching.

Copyright 4} 2002 John Wiley & Sims, Ltd.

The above analyses were carried out for the combined data
of all venom peaks, and separately for the three major classes
of toxins, with molecular weights of 6-7, 7-8 and 13 kDa.
Other toxin classes were represented by too few peaks to
allow a meaningful analysis.

The interpretation of the phylogenetic and phenetic
analyses is somewhat complicated by the fact these methods
assume independence between characters, i.e., the presence/
absence of one peak is assumed to be independent of the
presence/absence of another. This is unlikely to apply fully to
venom proteins when the homologies of different peaks are
unclear: in some cases, different peaks in different venoms are
likely to represent alleles of the same homologous locus, so
that their presence/absence cannot be independent.

RESULTS

Venoms were profiled using LC/MS to determine differ-
ences in venom composition. All venoms had essentially the
same generalizsed elution profile, consisting of an early
eluting component but with the vast majority of eluting in
the mid part of the gradient in Fig. 1). Significant similarities
and differences AS to the composition of individual mol-
ecules were evident in total numbers, molecular weights and
retention times of the toxins (Table 1). Representatives of

Rapid Cummun. Mass Spec/row. 2002; 16: 600-608
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Table 1. Toxins identified in Acanthophis venoms. Toxins are organised by elution and by molecular weight within each time block.

Underlined components are the major components present in the venoms

% ACn

8

11
12
14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

32

A. ant
NSW

6873

8750

13456
8252
8183
7084

cno
6703
5044

8125
7073
8635
6687
6651

6709

81S6

8635

12897
12846

12810
4207
4093

13810

17843
17646
14634
14547

23349

A. ant
Qld

6873

8758

8290

7291

13456
8252
8183
6651
6710
5044

7070

8375
6686
6652

8291
6710

6612

6676

12841

12810
4209

7280

13809

17843
17646
14634
14547

2334S

A. ant
5A

6873

8752

8252
8183
7084

6710
5044

8376
6677
6652

6709

8183

6676

128%

12854
12848
6461
4207

7219

7272

13811

17843
17646
14634
14547

23286
23346

A. ant
WA

6873

8751

13456
8252
8183
7084
6711
5044

7070

6688
6680
6654

6709

8183

6679

12898

12810
4208

13809

17843
17646
14634
14547

23346

A. sp
Ser

6912
6816

13494
8196
8113

6703
5044

7091

6535

7296

8196

6704

13051

4344

14.587
:4523

23532

A. haw

6785

8785
7991

8834
8150

5044
7044

8148,
7027
6653
6623

8150
6709
6675
6693

6737

13427
13263

6753

8140
4238

12879
13111
7219

13251
13139
13856
13779
17820
17611
14600
14515

23340

A. pra-
Cai

6853
6802

7050

8784
7014

7932

13496

6709
5044

8784
7269

6698
6613

6676

6709

13080
8385

12957
4353

13824

17820
17157
14635
14548

23372
23292

A. pra-
Hum

6854
6799

6763

8791
7593

13498
13456
8840

7044
5044

13511

8839
6736
6665

13433
13288
7221

13111
4351

13081

13828

17808
17153
14636
14600
14549
14505
14418
23326

A. pra-
Mt. !sa

6854
6786

8659
6942
7992

8820
8756
7032

14651
8791
8130
6709
5044

J784
6758
6654
6744
7295
6709
6672
7260

6622

13182

12846
8130
4352

12798

17810
17157

23359
23309

A. pra-
Hay

6952
6853

6973
8659

8784
8558

8225
7055

6695
6666
6635

13510
6737

13433
13265
12951
12799
7221

13545
b705
4351

13037

13126

13887

17850
17165
14637

23326

A. pyr

6913
6866

7020
6942
7999
6914

6763

8140

6725
6/;76

13485
6753

6755

12878
sr/i
4332

7573

817 s
7507
7257

'/(>03

23307

A. rug

6913
6884

7991
6844

7656

8829

6619
5044

13151

13286

7217

13048
12983
6657

13399

4223

13084

13813

14635
14600
14548

23370

A. wcl

674'

ZliiZ

6916

>"/69

8400
7575

6700
5044

7044

8737
8509

6765
(£37

6678

6733

12994

13543
8143
7737"
7322 ;
4330 1

i

8173
7505

23920

Copyright © 2002 John Wiley & Sons, Ltd. RapiJ Commun. Mass Specirom. 2002; 16 600-608
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Table 2. N-Terminal sequences and identification of isolated toxins from the different classes in the venom

MW(Da) Source N-Terminal sequence Snake venom toon similarity*

4223
6617
6654
6814
6854
6873
7055
7295
7991
8125
8377
8751

13408
13060
13898
17843

A. rugosus
A. rugosus
A. antarticus
A. sp Scram
A. praelongus Mt. Isa
A. antarticus WA
A. praelongus Hayes Creek
A. sy Scram
n. rugosus
A. antarticus
A. antarticus
A. aniarticus WA
A. rugosus
A. rugosus

A. sp. Scrair.
A. ant SA

EKPDSTGNCCFGFPIDRIGS
KNRPHFCHLPAYPGPCNAFV
KDRPVFCNLPAYTGPCKNVL
MQCCNQQSSQPKTTTTCPGG
MQCCNQQSSQPKTnTCPGC
MQCCNQQSSQPKTTTTCPGG
MQCYNQQPTQPKnTTCPGG
KTCFKTPYNKSEPCPDGQDL
V1CYLGYNYAQPCPPGENVC
V1CYRGYNNPQTCPPGENVC
V1CYRKYTNNKTCPDCENVC
VICYVGYNNPQTCPPGGNVC
NLAQFGFMIKCAKGGSRPW
NLAQFGFMIKCAANKGSRPV
NLLQFAFMIECANKMiQPVE
SIPKPSKNFEQFCNMIQCn

N*triurctic peptide
Kunitz-typt; protease inhibitor
Kunitz-type protease inhibitor
Short-chain alpha-neurotoxin
Short-chain alpha-neurotoxin
Short-chain aipha-neurotoxin
Short-chair, alpha-neurotoxin
Long-chain alpha-neurotoxin
Long-chain alpha-neurotoxin
Long-chain alpha-neurotoxin
Long-chain alpha-neurotoxin
Long-chain alpha-neurotoxii:
Phospholipase A2
Phospholipasc Aj
Phospholipase Aj
Taipoxin-gamma chain

" Snake venom toxin type as determined by database sequence homology searching.

different toxin classes were sequenced and subsequent
database searching revealed the type of toxin (Table 2).

The representative of the 4-kDa class was shewn to be a
member of the natriuretic pep'ides. While natriuretic
peptides have been previously isolated from venoms
ranging from elapids26 to the platypus,27 this is the first
publication showing the widespread presence within a
genus and they also represent the largest natriuretic peptides
reported to date. The identity of the peptide of mass 5044
remains to be confirmed but it appears too large for it to be a
natriuretic peptide and it does not fall within the range of
any previously reported toxins from Australian elapids.6 As
such, it may represent a new class of venom peptide.

The putative peptidic neiuotoxins accounted for the vast
majority of the venom components present, consistent with
the in vitro as well as clinical effects of the venoms.16 As
expected, the short-chain neurotoxins displayed strong
homology with other members of this class isolated from
Australian elapids.6 The 7.2-8.8 kDa toxins were shown to be
long-chain neurotoxins and displayed strong homology with
previously isolated toxins. The 6.6-7 kDa class also con-
tained kunitz-type protease inhibitors. Kunitz-type piotease
inhibitors have been previously isolated from numerous
venoms and have been shown to be potent inhibitors of
blood chemistry enzymes.28 Accordingly, these inhibitors
may be responsible in part for the bleeding disorders that
have been reported from severe Acanthophis envenomations
or in experimental models.15'16

Proteins with molecular weights corresponding to PLA2
toxins (12-14 kDa) were also present in all the venoms, in
greater quantities and molecular weight diversities than
expected. N-Terminal sequencing of isolated components
confirmed their identity as PL.A2S. As both anti-platelet and
presynaptically active neurotoxic PLA2s have b^en reported

from these venoms,8'9'29 the large abundance in seme of the
populations indicates that some envenomations may pro-
duce more complex symptoms than others.

In each venom analysed, LC/MS profiling revealed
components of unusual size. Interestingly, the 17.6-
17.8 kDa components were founci only in the continental
species A. cnlarcticus, A. praelongus and A. hawkci, being
absent entirely from the island forms; as well as in the
continental species A. pyrrhus and A. fvllsi. N-Ternvinal
sequencing revealed them to be highly homologous to the
gamma chain of taipoxin, an extremely potent neurotoxin
complex (rorv. the Oxyuranus sattellatus (Coastal Taipan).6

This raises the interesting question as to whether a similar
complex is found in Acanthophis venom. The 123-kDa
components were ubiquitous in the venoms, at least one
isoform being present in each venom. As these components
appear to be N-terminally blocked, they were net success-
fully sequenced for this study. However, these components
are consistent in molecular weight and retention time with a
group of toxins that share significant homology to the
mammalian CRISP (cysteine rich secretory protein) family.
These components have been widely reported in reptilian
venoms, having been isolated from the gila monster10 as well
as in all the major families of venomous snakes.31"33 Due to
their virtual ubiquity, these toxins almost deserve the name
'fundamental toxin', and their evolution would represent a
fascinating study topic from a venom evolution standpoint.

The first eluting component in all species had a mass
similar to that of the short-chain peptidic neurotoxin Toxin
Aa-c previously isolated from A, antarcticus venom.34

Significantly, the molecular weight of each of the first
eluting toxins was unique to each species, which may have
uses in 'fingerprinting' the venoms (Table 3). Phenetic and
phylopenetic analyses were carried out on a matrix of 192

Table 3.

Species

m/z

Diagnostic m/z fingerprint

A. ant A. sp Ser

6873 6S16

Cf each venom based upon

A. haw

6785

A. pra-cai A.

6854

the first

pra-hum

6854

major eluting |

A. pra-isa

6854

poak

A. pra-lwy

6854

A. pyr

6866

A. rug

6884

A. wel

6747

Copyright <Q 2002 Jchn Wiley & Sons, Lid. Rapid Cmmun. Mass Spectrum. 2002; 16: 600-608

190



LC/MS fingerprinting of death adder venoms 605

Table 4. Number of componer.ts by molecular wsighi class identified by LC/MS analysis of Acanlhophis venoms

Species

A. ant NSW
A. ml QLD
A. ant SA
A. jnt YVA

A. sp. Seram
A. hawkci
A. pra-cai
A. pra-hum
A. pre-isa
A. pra-hay
A. pyrrhus
A. rvgosus

A. tocllsi

3-5 kDa

3
2
2
2
2
2
2
2
2
2
3
3
2

6.6-7.?. kDa

8
10
8
8
6

10
9
6

11
9

10
7
9

7.3-8.8 k ra

7
o

7
4
4
5
8
4

10
5
8
4

12

~14 kDa

7
6
9

6
4

12
6

12
1
9
2
9
3

17 kDa

2
2
2
2
0

2
2
2
A

2
0
0
0

~23kDa

1
1

2
1
1
1
2
1
2
1
1
1
1

Total

28
30
31
23
V
71
Z.)
27
31
28
24
24

27

individual peaks and the 13 taxa represented in the study.
Sixty-six compounds were shared between two or more
venoms, the remainder were unique to one venom. The

Unweighted data

hawke*

pm-bum

pra-isa
pyrrtujt

-1

pra-hay
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wellsi
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All characters reweighted by their rsscaled consistency indices

A an/ QM
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- A ant NSW

hawkei

wellsi

- 1

A am SA

pyntius

-pra-cai

p/a-hom

pra-hay

Figure 2. (a) Consensus of 53 equally most parsimonious
networks of the 13 Acanthophis venoms. Numbers indicate
bootstrap support for nodes, branch lengths correspond to the
inferred number of evolutionary changes along each branch, (b)
Parsimony network of the 13 Acanthophis venoms, each
character being reweighted by the maximum value of ils
rescued consistency index.
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number of bands for each molecular weight class is shown in
Table 4. The Acanthophis antarcficw populations share >70%
of their components, whereas, in most other species, <60% of
components an; shared (except in pra-cai ^nd pra-hum).

The parsimony analysis of the combined data of all peaks
resulted in 53 equally most parsimonious trees of 245 steps
(consistency index 0.7796; c.i. excluding uninformative
characters 0.5462) and the parsimony network in Fig. 2(a).
The four venoms of Acanthophis antarcticus cluster together, as
do those of A. wellsi and A. vyrrhus. Both these nodes are
supported by high bootstrap values. The relationships among
the remaining taxa are unresolved. Reweighting all char-
acters by the maximum value of their rescaled consistency
indices resulted in considerably higher resolution (Fig. 2(b)).
However, bootstrap support for the newly supported nodes
was low, except for the node linking pra-hay and pra-hum.

The ordination of the individual venoms along the first
three axes of the principal coordinates analysis is shown in
Fig. 3, and the UPCMA phenogram in Fig. 4. UPGMA and

PCO case scores (Gower Genera!
Similarity Coefficient)

pra-hay

Figure 3. Ordination of Acanthophis venoms along the first

three axes of the pnncipc'l coordinate analysis. Axes 1, 2 and 3

summarise 24.9,1 /.6 and i v 5 % of ihn total variance,

respectively.
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UPGMA

hawkei
wellsi
pyrrhus
pra-isa
pra-hay
pra-hum
pra-caj
rugosus
Seram
A ant Qld
A ant SA
A ant WA
A ant NSW

0.7 0.75 0.8 0.85 0.9 0.95 1
Gower General Similarity Coefficient

Figure 4. UPGMA phenogram of the 13 Acanthophis venoms included in this study.

PCO scatter plots of the three major toxin classes differed
considerably from the plots of all peaks combined, and from
each other. Both phenetic and phylogenetic analyses of the
three major toxin classes revealed considerable incongru-
ence between these toxin classes and the combined database.
With the exception of the consistent clustering of the A.
antarcticus samples, there were no consistent features of
either dendrograms or scatter plots between toxin classes
(data not shown).

Parsimony networks for three size classes of toxins (6-
7 kDa; 7-8 kDa; PLA2S) agree in joining the four Acanthophis
antarcticus. However, they differ considerably in terms of the
arrangement of the remaining taxa, to the extent where a
consensus tree between them would be entirely unresolved
except for the grouping of A. antarcticus venoms. Reweight-
ing of characters adds; little to any of the individual size class
networks. The same applies for UPGMA dendrograms and
PCO j;'ots for the individual toxin classes: A. antarcticus
venoms are consistently grouped together, and clearly
distinct from venoms of the other taxa (data not shown).

DISCUSSION

The most significant revelation from the LC/MS studies was
the diversity of venom molecules not predicted by previous
studies.16 However, the mass spectrometer used in this
study was able to scan at a much greater range and
sensitivity that that previously used (m/z 3000 versus a
maximum scan of m/z 2300). This allowed for the determina-
tion of larger masses, components present in lesser amounts,
and also more hydrophobic components. This increased

Copyright •£> 2002 John Wiley & Sons, Ltd.

range was particularly important in the revealing of a great
diversity of PLAjS as well as the discovery of new molecular
weight classes of components in these venoms. Further,
improved chromatography techniques allowed for better
separation of the components and thus reduced the potential
for ion suppression.

Also significant was the minimal leve) of conservation of
individual molecules. The first eluting components have
masses corresponding to isoforms of the short-chain
neurotoxin Toxin Aa-c.6 The characteristic masses for each
species of this first peak allow for preliminary m/z
fingerprinting. This is particularly notable in the case of
the A. praclongus venoms. Despite these venoms showing far
greater variance than the A. antarticus venoms, the first
eluting peak always contained the 6854 toxin, which may
suggest that these snakes are closely related. Another
interesting feature revealed by the LC/MS profiling of the
venom was components of unusual size. Natriuretic pep-
tides of ~4.2kDa are present in each venom and a
component of mass 5044 is also present in all venoms but
does not correspond in molecular weight to other isolated
components from elapids and thus may represent a new
class of venom molecule.

A. antarcticus crude venom has previously been exam-
ined for lethality, neurotoxicity, myotoxicity and its effects
on blood coagulation, both experimentally and clini-
cally.14-35"39 Recently, A. antarticus, A. praelongus and A.
pyrrhus venoms were studied for in vitro neurotoxicity,
myotoxicity and phospholipase A2 activity29'40 and the
entire genus studied for neurotoxicity and relative neu-
tralisation by antivenom.16
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Species variations in chromatographic profiles have been

previously observed for A. antarcticus, A. praelongus and A.
pyrrhus venoms.29 In this study, venoms were profiled using
on-line liquid chromatography/mass spectrometry to deter-
mine basic biochemical differences. As previously detailed,
all venoms had essentially the same generalised elution
profile. Given that these venoms are from snakes belonging
to the same genus this is not surprising. However, close
examination and comparison of each profile showed many
differences in peak distribution and complexity between
venoms from different species of death adder.

Previous reports suggest that variations in venom compo-
sition as a result of geographic location or differences in
species are not unique to death adders.41"44 This suggests
that, potentially, LC/MS venom profiles may be of value in
illuminating taxonomic relationships among death adder
species, as has been previously suggested for some spider
venoms.17 Preliminary work on the LC/MS profiles of
Acanthophis species showed the venoms of one species (A.
praelongus) to be much more complex than the other species
examined. It was hypothesised that this was due to A.
praelongus actually being a species complex.16

Our analyses tend to agree with other studies on several
points of potential taxonomic relevance22 while differing
from others.2'22'20 The four samples of Acanthophis antarcticus
invariably cluster together, and their separation from the
remaining venoms is supported by high bootstrap values in
the parsimony analysis. Moreover, the different A. antarcticus
venoms have relatively few unique components. Among all
A. antarcticus venoms, less than 30% of the compounds are
unique to any one venom. In none of the analyses did the A.
antarcticus samples fall into categories corresponding to the
two geographically isolated populations (SA and WA vs.
Qld and NSW), unlike the allozyme study of Aplin and
Donnellan.22 The venom data presented here thus do not
support the recognition of western A. acanthophis as a
separate subspecies or species, as has been suggested
previously.2*20

Among the remaining species, each venom is made up to a
far greater extent of unique compounds not found in other
venoms examined: between 30 and 65% of observed peaks in
any one venom are unique to that venom. These other
venoms are all highly divergent from each other, and both
phenetic and phylogenetic relationships between them are
poorly defined (Figs 2-4), except that A. pyrrhus and A. uwllsi
cluster together in all analyses of the combined data, with
high levels of bootstrap support in the parsimony analysis.
Populations currently assigned to Acanthopliis praelongus
differed far more from each other than the even more
widespread A. antarticus populations did, and did not form a
cohesive cluster in any of our analyses. The greater
complexity of the pooled A. praelongus venom in a previous
study16 was thus the result of the heterogeneity of the
included venoms. Further work is needed to confirm
whether the variations in venom are indicative of differences
in genetic rdatedness.

The consistent clustering of the four A. antarcticus samples,
and that of A. pyrrhus with A. uwllsi, are in agreement with
the allozyme analysis presented previously.22 The remaining
venoms are all highly different from each other. Taken at

Copyright © 2002 John Wiley & Sons, Ltd.
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face value, this validates the hypothesis that these different
forms may constitute different species. Our results thus
provide some evidence for the species status of A. hawkei and
A. rugosus. The position of the undescribed Seram death
adder requires further investigation. Its venom shows no
particular affinities with any of the venoms included in this
study, and differs considerably from that of its nearest
neighbor (A. rugosus). However, several further Acantlwphis
'forms' of uncertain status are found in New Guinea,45 and
the relationship between the Seram death adder and these
forms requires further investigation. While it is beyond the
scope of this paper to propose species status for the Seram
death adder, the data presented here clearly marks this
population as a potential candidate for being a new species
but probably with strong affinities to A. laevis from New
Guinea.

The congruence between venom profiles and allozyme
evidence suggests that the LC/MS profiles may be of
systematic usefulness, and that venom composition in these
snakes may be associated with their phylogeny. Never-
theless, the taxonomic interpretation of venom data requires
caution, as considerable differences in venom can occur
between taxonomically undifferentiated populations,46 per-
haps as a result of natural selection for different prey in
different regions.47 There are no published studies of
geographic variation in the diet of Acanthophis. Conse-
quently, it is not presently possible to separate the effects
of phylogeny and natural selection for different prey types
on the pattern of variation in venom composition of these
snakes.

The present study illustrates the usefulness of LC/MS
profiles in the study of variation in snake venoms at low
taxonomic levels. In this study, the LC/MS technique has
helped develop a fingerprint for the venoms of different
populations and species of death adder, as well as revealing
the existence of classes of toxin in quantities greater than
those reported for this genus in the past or revealing entirely
new classes to be found in these venoms. This is in line with
previous clinical reports as well as the in vitro studies
undertaken in which the venoms were shown to have
significant differences in activities and relative neutralisation
by antivenom.16 Furthermore, the venom profiles have
revealed considerable potential to contribute towards the
resolution of taxonomic problems within the Acanthophis
genus.

Acknowledgements
This research was fundod l>y grants from the Australia
Geographic Society, the University of Melbourne and the
University of Queensland. We acknowledge financial sup-
port from the Defense Science and Technology Agency,
Singapore. We would like to thank Dr. Ken Aplin (Western
Australia Museum), Dr. Peter Mawson (Department of
Conservation and Land Management, Western Australia),
the Queensland Department of Environment and Heritage
and the Victorian Department of Natural Resources for their
help and support. We are especially grateful to Mr. Michael
O'Brien (Wild World, Cairns) and Mr. Brian Bush (Snakes:
Harmful and Harmless) for their tireless aid.

Rapid Commun. Mass Spcctrom. 2002; 16: 600-608

193



608 B. G. Fry etal.

REFERENCES 25.
1. Cogger HG. In Reptiles and Amphibians of Australia, Cogger 26.

HG(ed). Reed New Holland: Sydney, 2000.
2. Hoser R. Monitor 1998; 9: 20. 27
3. Aplin KP. Monitor 1999; 10:104. 28.
4. Wiister W, Golay P, Warrell DA. Toxicon 1999; 37:1123.
5. Wiister W, Bush B, Keogh JS, O'Shea M, Shine R. Litcratura

Scrpentium 2001; 21: 67, 86. 29
6. Fry BG. Toxicon 1999; 37:11.
7. van der Weyden L, Hains P, Morris M, Broady K. Toxicon 30.

1997; 3:1315.
8. Chow G, Subburaju S, Kini RM. Arch. Biochcm. Biophys. 1998;

354:232. 31.
9. Sim KL. Biodiim. Biophys. Ada 1998; 1379:198. 32

10. Dufton M, Harvey AL. TiPS 1989; 10: 258.
11. Currie BJ, Sutherland SK, Hudson BJ. Smith AMA. Mcd. ]. 33

Aust. 1991; 154: 266. 34.
12. Sutherland SK. Mcd. ]. Aust. 1992; 157: 740. 35.
13. Lalloo DG, Trevett AJ, Saweri A, Naraqi S, Theakston RDG, 36.

Warrell DA. Trans. Roy. Soc. Trap. Med. Hyg. 1995; 89:178. 37.
14. Campbell CH. Med. J. Aust. 1966; 2: 922. 38.
15. Lalloo DG, Trevett AJ, Black J, Mapao J, Saweri A, Naraqi S, 39.

Owens D, Kamiguti AS, Hutton RA, Theakston RDG,
Warrell DA. QJM1996; 89: 25.

16. Fry BG, Wickramaratna JC, Jones A, Alewood PF, Hodgson
WC. Toxicoi. Appl. Pharmacol. 2001; 175:140. 40.

17. Escoubas P, Celerier ML, Nakajima T. Rapid Commn. Mass 41
Spcctrom. 1997; 2:1891. 42.

18. Jones A, Bingham JP, Gehrmann J, Bond T, Loughnan M,
Atkins A, Lewis RJ, Alewood PF. Rapid Commun. Mass 43.
Spcctrom. 1996; 10-138. 44.

19. Steinborner ST, Wabnitz PA, Bowie JH, Tyler MJ. Rapid
Commun. Mass Spectro.n. 1996; 10: 92. 45

20. Wells RW, Wellington CR. Aust. ]. Herpetol. 1985; Supple-
mentary Series 1:1. 46

21. Loveridge A. Bull. Mus. Comp. Zool. 1948; 101: 305.
22. Aplin KP, Donnellan SC. Rec. W. Austr. Mus. 1999; 19: 277. 47.
23. Chippaux JP, Williams V, White J. Toxicon 1991; 29:1279.
24. Keogh JS. Zool. ]. Linn. Soc. 1999; 125: 239.

RCM
Keogh JS, Shine R, Donnellan S. Mol. Phylogenet. Evol. 1998;
10: 67.
Schweitz H, Vigne P, Moinier D, Frelin C, Lazdunski M. /.
Biol. Chem. 1992; 267:13928.
de Plater G, Martin RL, Milburn PJ. Toxicon 1995; 33:157.
Masci PP, Whitaker AN, Sparrow LG, de Jersey J, Winzor DJ,
Watters DJ, Lavin MF, Gaffney PJ. Blood Coagul. Fibrinolysis
2000; 11: 385.
van der Weyden L, Hains PG, Broady KW. Toxicon 2000; 38:
1703.
Morrissette J, Kraetzschmar J, Haendler B, El-Hayek R,
Mochca-Morales J, Martin BM, Patel JR, Moss RL, Schleun-
ing W-D, Coronado R, Possani LD. Biophys. J. 1995; 68:2280.
Chang TY, Mao S, Guo Y. Swiss Prot Accession number P79845.
Brown RL, Haley TL, West KA, Crabb JW. Proc. Natl. Acad.
Sri. USA 1999; 96: 754.
Hill RE, Mackessy SP. Toxicon 2000; 38:1663.
Kim HS, Tamiya N. Biochcm. J. 1981; 193: 899.
Fairley NH. Med. ]. Aust. 1929; 1: 296.
Kellaway CH. Med. J. Aust. 1929; 1: 764.
Kellaway CH. Mcd. ]. Aust. 1929; 1: 772.
Broad AJ, Sutherland SK. Coulter AR. Toxicon 1979; 17: 661.
Sutherland SK. Genus Acanthophis, death adders. In Aus-
tralian Animal Toxins: the Creatures, Their Toxins and Care of the
Poisoned Patient, Sutherland SK (ed). Oxford University
Press: Melbourne, 1983; 105-109.
Wickramaratna JC, Hodgson WC. Toxicon 2001; 39: 209.
Jimenez-Porras JM. Toxicon 1964; 2:187.
Williams V, White J, Schwaner TD, Sparrow A. Toxicon 1988;
26:1067.
Yang CC, Chang LS, Wu FS. Toxicon 1991; 29:1337.
Assakura MT, Furtado MFD, Mandelbaum FR. Comp.
Biodtcm. Physiol. 1992; 102B: 727.
O'Shea MT. In A Guide to the Snakes of Papua New Guinea.
Independent Group: Singapore, 1996.
Glenn JL, Straight RC, Wolfe MC, Hardy DL. Toxicon 1983;
21:119.
Daltry JC, Wustcr W, Thorpe RS. Nature 1996; 379: 537.

Copyright ft? 2002 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2002; 16: 600-608

194



Clinical and Experimental Pharmacology and Physiology (2002) 29, 807-814

Invited Paper: Animal Toxins of Asia and Australia

IN VITRO NEUROMUSCULAR ACTIVITY OF SNAKE VENOMS

Wayne C Hodgson and Janith C Wickramaratna

Monash Venom Group, Department of Pharmacology, Monash University, Melbourne, Victoria, Australia

SUMMARY

1. Snake venoms consist of a multitude of pharmaco-
logically active components used for the capture of prey.
Neurotoxins are particularly important in this regard, pro-
ducing paralysis of skeletal muscles. These neurotoxins can be
classified according to their site of action (i.e. pre- or post-
synaptic).

2. Presynaptic neurotoxins, which display varying phospho-
lipase Ai activities, have been identified in the venoms of the
four major families of venomous snakes (i.e. Crotalidae,
Elapidac, Hydrophiidac and Viperidae). The blockade of
transmission produced by these toxins is usually characterized
by a triphasic effect on acctylcholine release. Considerable
work has been directed at identifying the binding site(s) on the
presynaptic nerve terminal for these toxins, although their
mechanism of action remains unclear.

3. Post-synaptic neurotoxins are antagonists of the nicotinic
receptor on the skeletal muscle, depending on their sequence,
post-synaptic toxins are subdivk ?d into short- and long-chain
toxins. These toxins display di.ferent binding kinetics and
different affinity for subtypes of nicotinic receptors. Post-
synaptic neurotoxins have only been identified in venoms
from the families Elapidac and Hydrophiidac

4. Due to the high cost of developing new antivenoms and
the reluctance of many companies to engage in this area of
research, new methodologies are required to test the efficacy of
existing antivenoms to ensure their optimal use. While chicken
eggs have proven useful for the examination of haemorrhagic
venoms, this procedure is not suited to venoms that primarily
display neurotoxic activity. The chick biventer cervicis muscle
has proven useful for this procedure, enabling the rapid
screening of antivenoms against a range of venoms.

5. Historically, the lethality of snake venoms has been based
on murine LD50 studies. Due to ethical reasons, these studies
arc being superseded by in vitro studies. Instead, the time taken
to produce 90% inhibition of nerve-mediated twitches (i.e. t<x>)
in skeletal muscle preparations can be determined. However,
these two procedures result in different rank orders because
they are measuring two different parameters. While murlnc
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LDso determinations are based on 'quantity', tw values are
based ON how 'quick' a venom acts. Therefore, knowledge of
both parameters is still desirable.

6. In vitro ncuromuscular preparations have proven to be
invaluable tools in the examination of snake venoms and
isolated neurotoxins. They will continue to play a role in
further elucidating the mechanism of action of these highly
potent toxins. Further study of these toxins may provide more
highly specific research tools or lead compound? for pharma-
ceutical agents.

Key words: antivenom, neuromuscular junction, neurotoxin,
phospholipase Aj, post-synaptic, presynaptic, snake venom.

INTRODUCTION

Snake venoms are a cocktail of toxins and enzymes that have
evolved to assist in the capture and digestion of prey, as well as for
use in defence against predators. Human systemic cnvenomation is
associated with a number of adverse effects, the nature and severity
of which depends on the species of snake, the quantity of venom
administered and the time period between envenomation and the
administration of appropriate medical treatment. These effects may
include paralysis, myolysis, blood coagulation disturbances and
renal damage.1'2 Since the development of antivenoms and the
introduction of efficient first-aid procedures, envenomation in
Australia rarely results in death, with an average of two fatalities
per year.2 However, worldwide snake envenomation remains a
major clinical problem, particularly throughout much of the Asian
region. The accuracy of the figures is debatable, with a study in the
1950s suggesting an annual mortality rate of 25 000-35 000.3

However, it is believed that these figures markedly underestimate
the extent of the problem,1 with more recent reports of an annual
mortality of 100 000 in Asia.4

One of the major targets of snake venom is the somatic nervous
system, in particular the skeletal ncuromuscular junction. Inhib-
ition of ncurotransmission at this site results in the paralysis of
bulbar and ocular muscles, as well as paralysis of respiratory
muscles,36 the latter often resulting in death. Therefore, much
research has been directed at increasing our understanding of the
action of snake venoms and isolated toxins at the neuromuscular
junction.

NEUROMUSCULAR TRANSMISSION

The majority of neurotoxins act on the peripheral nervous system
because they do not cross the blood-brain barrier.7>g However,
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before the action of venoms and toxins at the skeletal neuro-
muscular junction can be discussed, it is important to have a basic
understanding of neuromuscuJar transmission at this site, Aceryl-
choline, the principle neurotransmitter at the skeletal neuro-
muscular junction, is synthesized and stored in the nerve endings.
The majority is stored in vesicles (approximately 80%),9 with the
remainder being in solution in the axoplasm. Due to single vesicles
spontaneously fusing with the presynaptic membrane, small
amounts of acelylcholine are released continuously, resulting in
small and transient depolarizations of the post-junctiona!
membrane (i.e. miniature end-plate potentials; MEPP). These do
not result in a twitch. However, in response to an action potential,
depolarization of the nerve terminal results in the release of a
sufficient quantity of acetylcholine to produce an end-plate
potential (EPP), eventually resulting in a twitch response.'-10

Acetylcholine, released either spontaneously or by depolarization
of the nerve terminal, binds to a recognition site on either of the
two a-subunits of the nicotinic receptor located in the post-synaptic
membrane before being enzymatically degraded by acetylcho-
linesterase. Activation of the nicotinic receptor by acetylcholine
requires both recognition sites to be occupied.9

Snakes have evolved potent toxins that are capable of inhibiting
ncuromuscular transmission at presynaptic (3-neurotoxins) and
post-synaptic (ct-neurotoxins) sites. The presynaptic neurotoxicity
is associated with phospholipase A2 activity found in the venoms.
Many of these phospholipases Aj have also been shown to be
myotoxic, hypotensive, cardiotoxic and haemorrhagic, among
other activities." However, the present review will focus on their
neurotoxic effects.

IN VITRO PREPARATIONS

Skeletal muscle preparations from the mouse, chick, rat and toad
have been used previously for examination of the effects of venoms
and toxins on ncuromuscular transmission.12-" However, the
mouse phrenic nerve-diaphragm and chick biventer ccrvicis nerve-
muscle preparations have been more widely used and, therefore,
provide a greater opportunity for comparisons between studies. For
the former, diaphragms with intact phrenic nerves are dissected free
from mice, while the chick preparation involves removal of the
biventer muscles from the neck of young chicks.20 The associated
tendon encloses the nerve supply of the muscle. Both preparations
are mounted under a resting tension of approximately 1 g in organ
baths, with twitches being evoked by stimulating the motor nerve
every 10 s with pulses of 0.2 msec duration at a supramaximal
voltage. Addition of the competitive skeletal muscle nicotinic
receptor antagonist (+)-tubocurarine and subsequent abolition of

twitches can be used to confirm that the stimulation parameters
chosen are selective for nerves.15""

An additional advantage of the chick biventer cervicis nerve-
muscle preparation is that it contains both focally and multiply
innervated muscle fibres. The former mediate the electrically
evoked twitch, whereas the latter can be stimulated by the addition
of exogenous nicotinic agonists, such as carbachol or acetylcho-
line.12'15""1 This enables prejunctiona! effects of venoms/toxins to
be distinguished from post-junctional effects.

PRESYNAPTIC INHIBITION

A number of presynaptic neurotoxins have been isolated from the
venoms of snakes. Indeed, they have been identified in the venoms
of the four major families of venomous snakes, namely Crotalidae,
Elapidac, Hydrophiidae and Viperidae, indicating the importance
of their activity." These toxins display phospholipase A2 activity
and have presumably evolved from having primarily a role in the
digestion of prey to one that includes the immobilization and
killing of prey. Interestingly, their neurotoxic activity does not
appear to be related directly to their phospholipase activity and the
subsequent hydrolysis of membrane phospholipids.21 In humans,
the paralysis associated with these toxins may be long lasting, up
to 3 weeks, with some envenomed patients requiring prolonged
assisted ventilation for survival.8

The presynaptic neurotoxins can be single-chain polypeptidcs
(e.g. notexin) or toxins consisting of multiple subunits. For
example, crotoxin, taipoxin and textilotoxin consist of two, three
and five subunits, respectively (Table 1). Most snake venoms
contain multiple isoforms of a particular neurotoxin that differ in
their amino acid sequence.8 While there does not appear to be a
direct correlation between chain structure and potency, it has been
postulated that there is a relationship between chain structure and
binding.22 Some of the presynaptic neurotoxins have been well
characterized, white others (e.g. paradoxin) require further investi-
gation. In general, these toxins produce neuromuscular blockade by
inhibiting the release of acetylcholine from the nerve terminal. In
doing so, they do not significantly alter the sensitivity of the motor
cndplate to acetylcholine. In vitm, the rate of onset of neuro-
muscular blockade is dependent on the temperature of the bathing
solution and on the frequency of nerve stimulation, being markedly
decreased as the temperature and/or frequency of stimulation is
lowered.23

However, their activity is generally characterized by a triphasic
effect on acetylcholine release (i.e. a decrease, followed by a
transient increase and then complete blockade).8-24-25 The initial two
phases appear to be independent of phospholipase activity7 and are

Table 1 Some representative presynaptic (P)-neurotoxins isolated from snake venoms

Toxin
Snake

Subunit composition Common name Scientific name References

Notexin
Taipoxin
Paradoxin
Crotoxin
Textilotoxin
P-Bungarotoxin

•Covalently linked.

Single chain
Three subunits
Three subunits
Two subunits
Four subunits
Two subunits*

Australian tiger snake
Australian coastal Uiipan
Australian inland laipan
South American rattlesnake
Australian common brown snake
Asian krait

Nolcchis scutatus
Oxyuranus scutellalus
Oxyuranus micrvlepidotus
Crotulus duris.siis lerrificus
Pseudonaja textilis
Bungarus multicinctus

73
24. 26.72
27.71
24. 26.70.74
14.28
24, 26. 74
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particularly evident when the safety factor of transmission is
lowered by reducing the Ca:* or increasing the Mg2* content
of the bathing medium.26 However, there is some variation between
P-neurotoxins with regard to this triphasic activity and, in partic-
ular, the response observed in different muscle preparations. For
example, although paradoxin produces marked facilitation of
twitch height, the initial inhibitory phase appears to be absent in the
mouse phrenic nerve-diaphragm muscle preparation.27 This
activity is similar to that of notexin, where the initial inhibitory
phase is also absent in mouse preparations,10 rather than the more
closely related taipoxin, althougn it has been reported that the
initial inhibitory phase to taipoxin and p-bungarotoxin is markedly
less pronounced in the rat phrenic nerve-diaphragm muscle prepar-
ation.26

Species differences in the sensitivity of nerve-muscle prepar-
ations to nerve-mediated twitch blockade by presynaptically acting
phospholipase A2 neurotoxins have been well documented.25-26 We
have shown that the mouse diaphragm is markedly more sensitive
to paradoxin than the chick biventer cervicis.27 The same order of
sensitivity has been shown for taipoxin, textilotoxin and notexin,
which are all p-neurotoxins from Australian elapids (Table 1). In
contrast, crotoxin and P-bungarotoxin arc far more potent on chick
preparations.25 Textilotoxin is reputed to be the most potent
presynaptic neurotoxin isolated from snake venom.25 Su ct al. have
shown that textilotoxin abolishes nerve-mediated twitches of the
mouse phrenic nerve diaphragm muscle preparation in 194 min at
a concentration of 0.3 n-g/mL and in 110 min at a concentration of
1 |xg/mL28 However, we have shown that 0.3 jxg/mL paradoxin
abolished twitches in 110 min, indicating that, at least in this tissue,
paradoxin is more potent than textilotoxin.27 A similar time (i.e.
103 min) for complete inhibition in the mouse preparation has been
reported for taipoxin, although this was recorded at a concentration
of 1 |xg/mL. Despite this apparent difference in the mouse phrenic
nerve-diaphragm muscle preparation, the rate of twitch blockade
produced by paradoxin (3 u,g/mL) and taipoxin (3 fig/mL) in the
chick biventer cervicis was found to be almost identical (i.e.
160 min).16

Interestingly, we found that increasing the* concentration of
paradoxin 10-fold in the mouse phrenic nerve-diaphragm muscle
preparation had no significant effect on the time taken to abolish
twitch responses.27 This may indicate that there is saturation of
binding sites for the neurotoxin. Alternatively, due to the mechan-
ism of action of the toxin, it may not be possible to produce
complete inhibition in a shorter time frame.

Of interest clinically is the finding that, after a relatively short
time period (i.e. approximately 30 min), the inhibitor)' effects of
the P-neurotoxins cannot be reversed by the addition of antivenom,
although we have shown that antivenom can prevent the in vitro
inhibition caused by both paradoxin and taipoxin if given prior to
the addition of the neurotoxins.16

Considerable work has been undertaken to try and identify the
binding site(s) on the presynaptic nerve terminal for these phospho-
lipase neurotoxins (for a review on binding sites for phospholipascs
A2 see Lambeau and LazdunskP). Selective binding sites, which
appear to be common to most of the phospholipases A2, have been
identified in a number of tissues, including rat brain synaptosomes
(N-type) and rabbit cultured skeletal muscle cells (M-typc).3(KJ2

Affinity for these binding sites displayed good correlation with
their toxicity.30 However, there were marked differences between

the binding sites in different tissues, suggesting the existence of a
family of receptors for neurotoxic phospholipases.32 Additional
work has shown that while the binding of notexin to receptor
sites on the mouse hemidiaphragm was substantially reversible,
the binding of crotoxin was only slightly reversible and that of
p-bungarotoxin, taipoxin and itextilotoxin was poorly reversible.22

In contrast with the early changes on neurotransmitter release
produced by p-neurotoxins, the late block of release appears to be
due to their phospholipase A2 activity and the hydrolysis of
membrane phospholipids." Whether the late block of acerylcholine
release produced by the P-neurotoxins is due to an internal or
external action at the presynaptic merabrane has been the topic of
much debate. Previous studies have suggested that the neurotoxins
are not internalized.22 However, an internal action where the neuro-
toxins enter the lumen of the synaptic vesicles following endo-
cytosis and hydrolysc the phospholipids of the inner leaflet of the
membrane has recently been suggested.33 This hypothesis appears
to account for the majority of actions reported for these toxins. This
has been supported by work showing that calmodulin, which is
generally considered to be an intracellular protein, is an acceptor
for the presynaptic toxin ammodytoxin C.34

In experiments using perineural recording in the mouse triangu-
laris sterni, many of the P-neurotoxins have been shown to block
K+ currents.27*35*36 It has been suggested that the transient facili-
tatory phase produced by p-neurotoxins (sec above) is due to this
activity, with the resulting slowing of repolarization following an
action potential allowing a greater influx of calcium, which, in turn,
results in increased release of acetylcholine.10-37 Interestingly, the
results of a recent study examining a range of presynaptic neuro-
toxins, using patch clamping and several types of cloned voltage-
gated K+ channels stably expressed in mammalian cell lines,
suggest that the facilitation observed is unlikely to be due to
blockade of these K+ channels.38 However, as the authors indicated,
they cannot exclude the possibility that the cloned voltage-gated K*
channels used in their study did not express the binding site for
PLA2 neurotoxins or that they lack important regulate y proteins.

Studies examining the longer-term neuropathological effects of
the presynaptic neurotoxins notexin and taipoxin in the hind limb
of rats have shown that after producing depletion of transmitter
from the motor nerve terminals the toxins cause degeneration of the
terminal and axonal cytoskcleton.3940 This was characterized by
70% of muscle fibres being completely denervated within 24 h,
with almost complete regeneration and functional re-innervation by
5 days. However, collateral innervation, which persisted for at least
9 months, was common in regenerated muscles.39 Similar findings
had previously been reported for P-bungarotoxin.40

M Y O T O X I C I T Y

Many of the phospholipase A2 toxins found in snake venoms also
display potent myotoxicity. However, there is considerable vari-
ability in the degree of myotoxicity displayed by these toxins.

While the examination of the neurotoxic components of snake
venoms in isolated skeletal muscle preparations has been well
established, the suitability of the same preparations for the examin-
ation of rnyotoxic components has been questioned. Myotoxicity is
hard to define in the absence of a histological analysis of the
affected muscle.12>'" However, for the purpose of preliminary
screening, monitoring the effect of venoms or toxins on electrically
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evoked twitches of skeletal muscle preparations has proven
useful.I2-13-18 These studies have focused on the inhibition of
twitches and measurement of direct contracture (rise in the baseline
tension). Twitches are evoked by stimulating the muscle directly,
usually every 10 s with pulses of 2 msec duration at a supra-
maximal voltage. To achieve selective stimulation of muscle, the
experiments may be performed in the continued presence of (+)-
tubocurarine.15-1*

Myotoxic phospholiasc Aj toxins have been isolated from the
venom of the King brown snake [Pseudechis australis). All four
components (i.c Pa-IG, Pa-5, Pa-12C and Pa-15) inhibited direct
twitches of the mouse phrenic nerve-diaphragm muscle prepar-
ation and produced slow developing contractures and inhibited
responses to KC! in the chick biventer cervicis.42 In contrast, the
venom of the Papuan taipan {Oxyuranus scutellatus canni)Xi and
three death adders {Acanthophis antarcticus, Acanthophis prae-
longus and Acanthophis pyrrhus)n produced no significant effect
on direct twitches of the chick biventer cervicis muscle. This
indicates an apparent lack of myotoxicity at concentrations equal
or greater than those producing complete abolition of indirect
twitch contractions, although A. praelongus venom did produce a
significant contracture.18

POST-SYNAPTIC INHIBITION

Post-synaptic or ot-neurotoxins arc antagonists of the nicotinic
receptor on the skeletal muscle. They are widely referred to as
'curare-mimetic toxins' due to their similarity in action to the
competitive nicotinic receptor antagonist (+)-tubocurarine.43 These
neurotoxins bind with high affinity (KD = 10"u to 10"* mol/L) and
specificity to acetylcholine binding sites on skeletal muscle
nicotinic receptors.*4 The skeletal muscle nicotinic receptor is a
heteropentameric protein consisting of five membrane-spanning
subunits with the stoichiometry of 2a!, l p l , I7 and 18.45-46 The
receptor consists of two acctylcholine binding sites located at the
interfaces between the a 1 and 7 and the a l and 8 chains.4547 Given
that these binding sites interact in a positively co-operative
manner, by occupying one or both sites snake a-neurotoxins
inhibit the opening of the ion channel associated with the receptor
in response to cholinergsc agonists.44 Thus, a-neurotoxins block
nicotinic transmission in skeletal muscle and cause paralysis in
prey.

In contrast with (3-neurotoxinj, a-neurotoxins are only found in
the venoms of snakes from the families Elapidae and Hydro-
phiidae. To date, more than 100 post-synaptic neurotoxins have
been isolated and sequenced.43 Depending on their sequence, post-
synaptic neurotoxins are subdivided into short- or long-chain
neurotoxins.48 Short-chain neurotoxins consist of 60-62 amino
acid residues and four disulphide bridges.43 Long-chain neuro-
toxins have 66-74 amino acid residues and usually five disulphide
bridges.43 While the positions of four disulphide bridges are
common to both long- and short-chain neurotoxins, the extra
disulphide bridge found in long-chain neurotoxins is generally
located between Cys-30 and Cys-34,43 Until recently, the major
functional difference between the two types of a-ncurotoxins
was thought to be in the kinetics of association and dissociation
with the skeletal muscle nicotinic receptor.49 It was shown that
short-chain neurotoxins tend (0 associate with the receptor
approximately six- to sevenfold faster and dissociate five- to

ninefold faster than long-chain neurotoxins.30 Howevei, it has also
been shown that long-chain a-neurotoxins bind to neuronal a7
nicotinic receptors with higher affinity than short-chain neuro-
toxins.51 While lacking the extra disulphide bridge, Laticauda
colubrina toxin has been considered to be a long-chain
neurotoxin based on high sequence homology with other long-
chain a-neurotoxins.43-51 However, functionally it behaves as a
short-chain neurotoxin at neuronal a7 nicotinic receptors.51 Thus,
functional classification of a-neurotoxins requires pharmaco-
logical characterization of toxins at both skeletal muscle and
neuronal nicotinic receptors.

Many of the amino acid residues of erabutoxin a, a short-chain
neurotoxin from the sea snake Laticauda semifasciata, necessary
for high-affinity binding to skeletal muscle nicotinic receptors have
been identified. Using site-directed mutagenesis, it has been shown
that changing any one of Ser-8, Lys-27, Trp-29, Asp-31 or Arg-33
decreased the binding affinity of the toxin by several-fold.52 In
addition to these amino acid residues, Gln-7, Gin-10, Ile-36,
Glu-38 and Lys-47 of erabutoxin a were shown to be important for
high-affinity binding to the skeletal muscle nicotinic receptor.53

Therefore, it seems that specific amino acid residues from all three
loops of erabutoxin a contribute to the 'functional site', including
both invariant and variant residues. It has been suggested that the
invariant residues form a common 'functional core', whereas the
variant residues allow for prey-specific high-affinity binding.53'54

Although more than 100 neurotoxins have been isolated and
sequenced, only a few have undergone extensive pharmacological
characterization. Many toxins have been classified as post-synaptic
neurotoxins on the basis of their amino acid sequence and/or
observation of flaccid paralysis in mice. While in the past neuro-
toxins have undergone LDjo studies (tabulated in Mcbs and
Claus55), these are becoming increasingly difficult to perform for
obvious ethical and regulatory reasons. Other studies have under-
taken binding experiments using membrane-bound nicotinic
acetylcholine receptors from Torpedo electric organs.50-'6 While
this assay provides important binding information on post-synaptic
neurotoxins, it is not possible to determine whether the toxin is an
agonist or antagonist at the receptor. However, agonist or antag-
onist activity can be determined using in vitro neuromuscular
preparations. As described above, both the mouse phrenic nerve-
hemidiaphragm and chick biventer cervicis muscle preparations
have been used extensively to determine the neurotoxicity of snake
venoms.l2iI5>18 However, although the toad rectus abdominis and
chick biventer cervicis preparations contain multiply innervated
muscle fibres and arc therefore able to respond to exogenous
nico'inic agonists, to our knowledge these or other such prepar-
ations have not been used to determine the pAj value of post-
synaptic neurotoxins. This is probably due to the widely known fact
that the majority of snake post-synaptic neurotoxins, especially the
long-chain neurotoxins, undergo almost irreversible binding to the
skeletal muscle nicotinic receptor.50 Given the pseudo-irreversible
antagonism displayed by most post-synaptic neurotoxins, Schild
plot analysis of concentration-response curves to nicotinic agonists
in the presence of these neurotoxins is invalid. However, the
'modified Lew and Angus' method may be used to generate a
reliable estimate of the pA2 value in these cases.37'59 In addition,
given the pseudo-irreversible antagonistic nature of snake neuro-
toxins, such as ot-bungarotoxin, one must question the appropriate-
ness of referring to these neurotoxins as 'curare-mimetic toxins',
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ANTIVENOMS AND IN VITRO TESTING

The vast majority of antivenoms are produced in animals. For
example, in Australia, the clinically available snake antivenoms arc
raised in horses by CSL (Melbourne, Victoria, Australia). Due to
the high cost involved in the development and production of new
antivenoms and the relative small return to the manufacturer, it is
unlikely that many new antivenoms will become available using
current technology. If recent history is an accurate guide, then the
few new antivenoms that do end up on the market are likely to be
cost prohibitive. For example, CroFab™ (Crotalidae Polyvalent
Immune Fab (Ovine); Protherics, Nashville, TN, USA) received
US Food and Drug Administration (FDA) approval in October
2000 for use in patients with minimal or moderate North American
crotalid envenomation. CroFab™ is a lyophilizcd preparation of
ovine Fab (monovalcnt) immunoglobulin fragments obtained from
sheep immunized with one of four snake venoms.60 The final
product is a mixture of the four monospecific antivenoms. Each
monospecific antivenom is obtained by fractionating the immuno-
globulin from the ovine scrum, digesting it with papain and iso-
lating the venom-specific Fab fragments on ion exchange and
affinity chromatography columns. The final product has proven to
be very effective clinically, but an initial dose of six vials is
recommended,60 with additional administration as required.61 This
is likely to result in the combined administration of £ 12 vials. At
a cost of US$9300 for 12 vials,61 this is an expensive procedure and
one that is unlikely to be extrapolated to the Asia-Pacific region
where there is an acute shortage of specific (i.e. monovalcnt)

antivenoms. Therefore, the lack of antivenoms for systemic
envenomation by many snakes is likely to remain a clinical
problem. In some cases, even when antivenoms are available, there
is a high risk of adverse effects. Despite using state-of-the-art
production procedures, clinical trials have shown that the use of
CroFab™ still results in patients developing acute reactions or
serum sickness.60 In response to this problem, considerable
research is being directed at alternative production methods,
including hyperimmunizing adult chickens with snake venom and
isolating antibodies from the eggs."-63 However, for the foreseeable
future, it is likely that many cases of snake envenomation will be
treated with non-species-specific antivenoms.64 Therefore, there is
a need for simple screening tests to examine the efficacy of
antivenoms against a range of snake venoms. Current preclinical
testing involves the median effective dose (ED50) test in mice. This
involves calculating the amount of antivenon. that, when injected
intravenously together with a defined lethal quantity of venom,
results in the survival of 50% of animals over a 24 h period.63

However, this test requires large numbers of animals. Therefore,
alternative methods are being investigated.

One method that has been proposed involves the use of chicken
eggs. Hatching eggs are used on the 6th day after fertilization, at
which stage the embryo is alive but is insensate.65"*7 However,
while this methodology appears promising for the examination of
haemon-hagic venoms (e.g. Viperidae), it is not sensitive to venoms
that p. larily display neurotoxic activity (e.g. Elapidae and
Hydrophidae). Although it may be overly simplistic to categorize
the actions of venoms in this way,1 it is snakes from these latter

Table 2 A comparison of the lethality (LD.VJ) and neurotoxicity (tw values) for a range of Asian-Pacific snake venoms

Common name Scientific name LD}o(mg/kg, s.c.)§

0.173
ND
ND
ND
ND

0.338
ND

0.338
ND
ND

0.338
ND

0.338
ND
ND
ND
ND

0.118
ND
1.44

0.500
0.010
0.064
0.051

tw @3 u.g/mL
(min)

10.5 ±0.7'
13.0 ±1.4*
13.1 ±1.6'
14.6 ±0.5'
15.5 ±1.6*
15.8 ±1.3S

18.0 ±1.4*
20.7 ±1.85
21.1 ±1.05
23.7 ±5.45
28.2 ±2.55
28.5 ±1.85
29.8 ±5.05
30 6 ±3.55
32.6 ±3.05
33.5 ±3.6*
36.5 ±4.7*
38.1 ±6.1*
40.9 ±5.5»
46.7 ±6.75
89.2 ±9.85

ND
ND
ND

tw @ 10 jxg/n
(min)

ND
ND
ND
ND
ND

10.2 ±0.65
ND

9.6 ±0.95
7.7 ±0.55

12.7 ±1.8*
11.4 ±1.45
18.9 ±4.75
9.8 ±1.1*

10.5 ±0.55
20.0 ±2.35

ND
ND

21.7±l.65
17.4 ±1.95
19.7 ±1.7:
25.6 ±2.55

29 ±35
43 ±35
45 ±45

Beaked sea snake (Malaysia)*
Dusky sea snake
Beaked sea snake (Weipa, Australia)*
Banded sea kraii
Olive sea snake
Common death adder (New South Wales)*
Leaf scaled sea snake
Common death adder (Queensland)*
Scrum death adder
Black head death adder
Common death adder (South Australia)*
Desert death adder
Common death adder (Western Australia)*
Irian Jayan death adder
Northern death adder
Hardwick's sea snake (Weipa, Australia)*
Hardwick's sea snake (Malaysia)*
Tiger snake
Barkly and death adder
Yellow banded snake
Australian copperhead
Inland taipan
Coastal taipan
Papuan taipan

Enhydrina schistose
A ipysunisfuscus
E. sckistosa
Laticauda colubrina
Aipysurus laevis
Acanlhophis antarviicus
Aipysurus foliosquamatus
A. antarcticus
Acanthophis sp. scram
Acanthophis wellsi
A. antarcticus
Acanthophis pyrrhus
A. antarcticus
Acanthophis rugosus
Acanthophis praelongus
Lapemis hardwickii
L. hardwickii
Notechis scutatus
Acanthophis hawkei
Hoplocephalus Stephens!
Austrvlaps superbus
Oxyvranus microlepidotus
Oxyuranss scuteUatus scuteUatus
Oxyuranwj scuteUatus canni

Snake venoms are ranked by t*i at 3 }ig/mL. Data siiown are the mean±SEM. ND, not detennined.
'Geographical variants; locations arc indicated in parentheses.
•Data from Broad et al.M

'Unpublished data from our laboratory.
JData from Crachi et al.,'6 Fry et«/." and Hodgson and Eriksson."1
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families that are responsible for many of the severe cases of
envenomation throughout the Asia-Pacific region, in particular
Australia, where all clinically important terrestrial snakes are
elapids. In vitro neuromuscular preparations have proven to be
extremely useful for screening antivenoms against the neurotoxic
effects of venoms. In these experiments, antivenom is added prior
to the addition of venoms.13'16"11 The venoms are then left in contact
with the preparations until twitch blockade occurs or for a defined
time period. Antivenoms that prove to be effective in this test can
then be further examined in 'reversal' studies that more closely
mimic the clinical situation. In these tests, antivenom is added after
there has been considerable inhibition of twitches. We have chosen
to use the t»o (i.e. time taken to produce 90% inhibition of nerve-
mediated twitches) as a standard time point.17-18 As described
above, venoms are then left in contact with the preparations for a
defined period. Reversal of twitch inhibition is indicative of
antivenom efficacy. How well the results of such in vitro tests
extrapolate to the clinical situation is difficult to assess. However,
such studies will certainly provide valuable information regarding
the effectiveness of antivenoms against the neurotoxic components
of snake venoms.

LETHALITY VERSUS NEUROTOXICITY

Determination of the lethality of snake venoms in whole animals
has usually been performed by conducting murine LD50 experi-
ments. A large study undertaken to rank order the lethality of
venoms provided valuable information, but was far from complete
because the venoms of many medically important snakes were not
included.68 Due to obvious ethical reasons and complex regulator)'
requirements involved in gaining approval for murine LD50 studies
in many countries, including Australia, these studies have been
largely superseded by in vitro studies. One method of 'ranking'
venom neurotoxicity is by using isolated skeletal muscle prepar-
ations. xyxi-xt The time taken to cause 50% or 90% inhibition of
nerve mediated twitches (i.e. tso or tw) can be calculated to compare
neurotoxicity. Venoms from numerous Australasian/Asian-Pacific
snakes have been examined in our laboratory using this technique
(Table 2).

A comparison of tw values indicates that death adder venoms arc
more neurotoxic than coastal {Oxyuranus scutellalus scutellatus),
inland (Oxyvranus microlepidotus) and Papuan (0. scutellalus
canni) taipan venoms. However, in terms of LD50 values, taipan
venoms remain the most lethal of all snake venoms examined to
date.68 Some other interesting differences between too and LD50
'rankings' have been observed. Based on tw values, the rank order
of neurotoxicity of the snake venoms was sea snake(s) > sea
krait > death adder > tiger snake £ yellow (Stephen's) banded
snake > Australian copperhead > taipan venoms (Table 2). The
rank order of lethality based on murine LD» values of snake
venoms was taipan > tiger snake > beaked sea snake > common
death adder > Australian copperhead > yellow (Stephen's) banded
snake.6* However, this difference in rank order is to be expected
because murine LDso and too values are measuring two different
parameters of toxicity. Whereas murine LD50 determinations are
based on 'quantity' (i.e. what concentration of venom kills 50% of
mice, usually over a 24-48 h period), t» values are based on how
'quick' a venom acts. Therefore, it is possible to have an extremely
'lethal' venom (based on LD50 values) that takes a long time to

produce its effects, whereas venoms with potent post-synaptic
neurotoxins, which act rapidly, are likely to rank highly using the
in vitro technique. Therefore, knowledge of both parameters is
desirable.

In addition, given that murine LDso studies arc based on whole
animals, these take into account the lethality of numerous toxic
components (i.e. neurotoxins, cardiotoxins, myotoxins, haemolytic
factors, coagulant and anticoagulant factors), acting via different
mechanisms, present in crude venom. Obviously, this is not the
case with in vitro neurotoxicity studies and is a limitation of this
procedure. However, neuromuscular paralysis is one of the most
important effects of Australasian elapid envenomations.69

CONCLUSIONS

Although much has been learned regarding the neuromuscular
activity of snake venoms, there is still considerable work to be done
before we fully understand the complex interactions that occur
between venom components, nerve and muscle tissue. In vitro
neuromuscular preparations have proven to be invaluable tools iti
the examination of neurotoxins and will continue to play a role in
further elucidating the mechanism of action of these highly potent
toxins. Further study of these toxins may provide more highly
specific research tools or lead compounds for pharmaceutical
agents.
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and antivenom efficacy, such as the lethal dose and EDJ0, resulting in
inadequate neutralisation of time, rather than dos?. dependent toxins,
particularly enzymes involved in defibrinogenating, haemorrhagic and
necrotising venom activities. The clinical consequences can be reduced
efficacy against some important venom activities or even complete
treatment failure in critical envenomations. All these factors, combined
with the ongoing reduction in the number of antivenom manufa turcrs
world-wide, and concomitant contraction in the range of available
antivenoms, present significant challenges for the treatment of snakebite
in the 2lr'. century.

INTRODUCTION

The debate about the clinical efficacy of snake antivenoms and :he
degree of variation in venom composition began soon after production of
the first antivenoms in the late nineteenth century (Calmcttc, 1894; Frazer,
1895; Phisalix and Bcrtrand, 1894). The 'sdrum antivenimcux', developed
by Calmctte using mainly monocled cobra (Naja kaouthia) venom, was
initially promoted as a universal snake antivenom. This was a con-
sequence of Calmette's belief in the single mode of snake venom action
(Hawgood, 1992).

However, early attempts to neutralise two Australian snake venoms
(that of the Red-bellied Black Snake, P&udechis porphyriacus, and the
Mainland Tiger Snake, No:echis scutatus) with this serum failed (Martin,
1897). Similarly, in 1898 serum from dogs immunised with Brazilian Pit
Viper (Bothrops jararaca) venom was found to be ineffective at neu-
tralising the venom of the South American Rattlesnake {Crotalus diirissus
terrificus) and v.^e-versa (Brazil, 1901). This and other work in India,
Australia and North America (Lamb, 1904; Russell, 1988; Tidswell, 1902)
provided clear evidence of antivenom specificity, undermining Calmette's
'universal' hypothesis. This ultimately led to the development of a series of
regional antivenoms based on the venom of medically significant endemic
species on the various continents.

Eventually Calmctte accepted the concept of two modes of snake
venom action (ncurotoxic and haemorrhagic) emergent from this antivenom
specificity work but he persisted in the view that his serum could neutralise
all ncurotoxic venoms (Calmette, 1908). The search for the minimal
number of modes of ophidian venom action and its significance for anti-
venom n/uiufacture and utility continues unabated (Mebs and Komalfk,
1981; Vogtman, 1950; WarreH, 1986; Warrcll and Amctt, 1976). This
review will discuss contemporary issues in interspecific and intraspecific
variation in venom composition and their clinical significance.
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Species and Regional Venom Variation

Molecular Basis of Venom Evolution

25

The mutational change of genes is the primary basis for evolution.
Genetic drift or natural selection will cause the spread of nuclcotidc sub-
stitutions, insertions/deletions, recombinations or gene conversions through
a population, until their fixation within that population. As a result, is well
documented that significant venom variation can occur between closely
related species or even within a species itself (Assakura et al., 1992; Daliry
et al., 1996; Fry et al., 2002; Glenn et al., 1983; Jimdnez-Porras, 1964;
Yang et al., 1991).

Toxin-encoding genes undergo frequent gene duplication, sometimes
followed by diversification into different functions and structures (KordiS
and GubenSek, 2000; Slowinski et al., 1997). lin contrast to mitochondrial
protein endoding genes, toxin-encoding genes do not favor one codon for an
amino acid over another (Fry, B.G. ct al. unpublished results). Also in con-
trast to mitochondria, mutations in codons are more Hkely to occur in posi-
tion 1 rather than positions 2 or 3. In addition non-synonymous substitutions
are as likely to occur as synonymous substitutions. These factors combine to
lead to a state where mutations are as likely as not to change the amino acid
encoded by the codon. A change of as little as a single amino acid can have
profound effects upon not only the specificity and potency of a molecule
but also upon its antigenicity and thus relative neutralisation by antivenom.
This situation is greatly complicated by frequent duplication of toxin genes,
with each duplicate evolving rapidly and independently of each other
(Afifiyan ct al., 1999; Chang ct al., 1999). Thus, the fundamental molecular
basis of venom evolution favors a multiplicity of actions and consequently a
multiplicity of toxins that need to be counteracted by antivenom.

Snake Systematics

The problem of interspecific differences in venom composition can be
overcome to some extent by paying scrupulous aaention to the systematics of
the snakes involved. Unfortunately, it is clear that many toxinologists do not
pay sufficient attention to the systematic status of the snakes they arc
working with, and as a result, many venoms used in toxinology cannot be
attributed to any known species (Wiister and McCarthy, 1996). In a clinical
context, misidentification of physically similar species may result in the
selection of the wrong antivenom type (Trinca, 1969; Winkel et al., 2001)
and, consequently, a fatal outcome (Sutherland and Leonard, 1995).

Although attention to systematics can alleviate some of the problems
caused by interspecific snake venom variation, the value of this is limited
by our as yet inadequate or developing knowledge of the systematics of
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many medically important groups of venomous snake. The systematics of
many of the most medically significant groups of venomous snakes, such as
Asian and African Cobras (Naja), Australian Death Adders, Brown snakes,
and Black snakes (Accnthophis, Pseudonaja and Pseudechis), the South
American Lanceheads {Bothrops atrox complex), Saw-scaled vipers (Echis)
and Asian Green Pit vipers (Trimeresurus spp.) are either in a state of flux
or remain poorly understood.

However, an understanding of the taxonomic status of different popu-
lations of venomous snakes alone cannot necessa ;!y predict patterns of
venom variation. There is ample evidence that venom composition can vary
extensively even among populations which arc unambiguously conspccific
(e.g., Crotalus scutulatus—Wilkinson et al., 1991; Daboia russelii—Warrell,
1989; WUster ei al., 1992), perhaps as a result of natural selection for
geographic differences in diet (Daltry et al., 1996). Such variation can have
considerable implications for the effectiveness of antivenoms.

Even broad-spectrum polyvalent antivenoms may not be able to
neutralize some of the venom variants present within species that arc in-
cluded in the manufacture of the antivenom: for instance, a broad-spectrum
anli-Bothrops antivenom, raised from venoms o: a number of species
groups within the genus, was highly effective in neutralising the venoms of
some populations of the Bothrops atrox species complex, but almost in-
effective against that of other populations of the complex (Wiister et al.,
unpublished data).

Venom Toxicity and Antivenom Efficacy Tests

An additional issue impinging on antivenom effectiveness in clinical
practice is the definition of snake venom toxicity and antivenom efficacy.
The presence of venom variation in this context means that the 'standard'
definition of venom toxicity and antivenom efficacy used by commercial
manufacturers can be suboptimal when applied in clinical situations. For
example, the traditional measure of venom toxicity, the lethal dose (Trevan,
1927), has the disadvantage of being biased towards the most potent venom
component and/or those toxins having a maximum effect within the
predetermined time frame (Chippaux, 1998). Studies of antivenom effect-
iveness typically involve the determination of the median effective anti-
venom dose (ED50) at which a sample of experimentally envenomed ani-
mals survive within a predetermined observation period after an otherwise
lethal injection of venom through a specified route (Chippaux and Goyffon,
1998). In any case, it is becoming increasingly difficult to perform LD50

studies for obvious ethical and regulatory requirements. However, venom
toxicity and effectiveness of antivenom can be studied using in vitro
(Barfaraz and Harvey, 1994; Fry et al., 2001) or insensate in vivo
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(Sells ct al., 200!) preparations. This enables the investigator to concentrate
on a specific system (e.g. neuromuscular junction, blood, atria and blood
vessels) that is targeted by a venom component. Furthermore, the effec-
tiveness of antivenom against a toxic venom component acting at a specific
system can be studied in detail.

Indeed, the overall toxicity of any venom is related to a variety of
components interacting with a multitude of tissues, cells and receptors or
substrates over time in a manner dependent on individual pharmacokinetics
and dynamics. Consequently, in vitro toxicity and antivenom efficacy test-
ing does not take these into account. In addition, such methods take no
account of variable antivenom absorption and distribution, nor of the phar-
macokinetics of different toxins, since the venom and antivenom are usually
preincubated in vitro (Barfaraz and Harvey, 1994).

When compared to the reactions of the animals used in laboratory
testing, it is worth noting the natural resistance of many animals to the
venoms of the snakes that prey upon them. This classic tale of co-evolution
has been well documented. Most notable of these studies was one that
showed the resistance of eels to the venom of the sea kraits (Hcatwole and
Poran, 1995). The authors showed that moray eels of the genus Gymnothorax
occuring sympatrically with sea kraits, and thus subject to predation from
them, show dramatically more resistance to Laticauda venoms than
populations from outside the range of the sea kraits. Comparative studies
of ground squirrels (Spennophilus beecheyi) from areas with an without
rattlesnakes yielded similar results (Poran et al., 1987). In the cass of the
mongoose, the resistance to the neurotoxicity comes down to a five residue
difference in the acetylcholine receptor when compared to the equivalent
receptor in the highly sensitive mouse (Barchan et al., 1992).

One example of the practical consequence of the focus on small animal
survival experiments is the well-recognised limitation of the neutralising
potential of the Australian brown snake (Pseudonaja textilis) antivenom
(CSL Limited, Parkville). The efficacy of this antivenom is assessed in
guinea pigs using an ED50 assay that does not specifically examine its
activity against the fibrinolytic effects of Pseudonaja prothrombin acti-
vators nor other cardiovascular effects (Sutherland and Tibballs, 2001;
Tibballs and Sutherland, 1991). It is of concern that there is growing
evidence of the slow, limited and intcrspccifically variable neutralisation of
the cardiovascular and haematological effects of Pseudonaja venom by the
existing brown snake antivenom (Masei et al., 1998; Sprivulus et al., 1996;
Tibballs and Sutherland, 1991).

Similar limitations have been identified regarding the efficacy of
Australian tiger snake, but not taipan (0. scutellatus), antivenom (Spri-
vulus et al., 1996). Interestingly, another problem, more related to inter-
specific venom variation, arises with this latter product. In vitro analysis of
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neurotoxicity suggests that, although taipan antivenom effectively neutra-
lises the presynaptic ncurotoxins of both the coastal and inland (0. micro-
lepidotus) species, it is less effective against the postsynapCrc toxicity of the
latter (Crachi et al., 1999). The clinical consequent-;?, v'i the aforementioned
procedural limitations can therefore be reduced efi"^ <cy against some ve-
nom activities (Henderson ct al., 1993) or even compk.:'••: antivenom failure
in critical envenonv;tions (Gillissen et al., 1994).

Global Antivenom Crisis

As the extent of clinically significant variation in snake venom com-
position undermined the possibility of a universal antivenom, so it erected a
major barrier to the widespread availability of this product. The current
global burden of snake bite is estimated at approximately 5 million bites
and 100,000 deaths each year (Chippaux, 1998). Most of these are con-
centrated in the developing nations of the Indo-Pacific region ard Africa,
where there is little access to antivenom for the most at-risk populations
(Cheng and Winkel, 2001a,b; Worrell, 1999). Even in affluent nations, the
unattractive economics of antivenom development and production have
resulted in pressure on existing manufacturers to withdraw from this market
(Galli, 2001; Thcakston and Warrell, 2000).

The need for further expenditure on procedural refinements to improve
antivenom quality, as described here, will add to such pressures. This
comes in the midst of an acute crisis in antivenom availability for Africa
(Theakston and Reid, 1983) and a long-standing under-supply in Asia
(McNamce, 2001). The ongoing reduction in the number of antivenom
manufacturers world-wide, and concomitant contraction in the range of
available antivenoms, present significant challenges for the treatment of
snake bite. We therefore recently proposed a global strategy for snake bite
control and procurement funding to overcome the inequality cf antivenom
supply (Cheng and Winkel, 2001a,b).

RECOMMENDATIONS

All these factors put together result in a somewhat complex picture for
antivenom producers and policy makers. The optimization of antivenom
production and effectiveness requires a number of preconditions:

- An understanding of the medically important species in any given
region. This appears trivial, but a several studies have shown that
the medical importance of a number of species has been greatly

2 0 8 j:
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underestimated in the past (e.g., Bungarus candidus in Thailand—
Looareesuwan et al., 1988; Viravan et al., 1992), whereas that of others
has been overestimated (e.g., Bungarus fasciatus and Ophiophagus
hannah in Thailand—Looareesuwan et al., 1988; Viravan et al., 1992),
resulting in ?• lack of antivenom in the case of the former and ihc
production of largely superfluous antivenoms in the case of the Satter.
Clearly, if resources are limited, anlivenom production should
concentrate on species of appreciable public health importance. This
requires extensive epidemiological studies, particularly community
surveys and pharmacological characterisation oif venoms.

- Scrupulous attention to the systemattcs and idetitification of the snakes
concerned. Antivenom should be produced against the species
responsible for ihe majority of bites, wherever they may occur, and
not against similar species that happen to be conveniently available, but
are not in fact responsible for bites.

- Antivenoms should be raised from venoms collected across the entire
range of each species across the target region. Due to intraspecific
geographic variation in venom composition, an antivenom raised
against the venom of one population may be less effective against the
venom of another population of the same species (Fry ct al., 2001,
Wiister et al., in prep.). This concern is particularly applicable to
venom producers who rely on captive-bred stocks of venomous snakes:
often, the captive stocks originate from a few specimens from a single
locality, and arc thus likely to contain only a fraction of the total
number of antigens present in the species as a whole.

At the very least, antivenoms should be tested for neutralising
ability against the venoms of all major populations of any species, with
special emphasis on those occurring in regions with a high incidence
of snakebite.

The World Health Organisation recommendations (W.H.O., 1981)
regarding the specific assessment of defibrinogenating, haemorrhagic and
necrotising venom activities should form a routine part of snake venom
toxicily testing and antivenom efficacy assessment (Gutierrez et al., 1990;
Theakston and Reid, 1983).

A global strategy for snakebite control and procurement funding is
required to overcome the inequality of antivenom supply and to improve
existing antivenom deficiencies in neutralising interspecific and intraspe-
cific venom variation. This should form part of global initiatives to secure
access to essential drugs through partnerships between donors, the pub-
lic sector and pharmaceutical industry (Cheng and Winkel, 200ia,b;
Scholtz, 1999).
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