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THESIS SUMMARY

A range of toxic components found in Australasian elapid venoms have been postulated to
account for the clinical outcomes of envenoming. Depending on the species of snake, these
outcomes may include neurotoxicity with flaccid paralysis, coagulopathy with spontaneous
systemic hemorrhage, sudden cardiovascular collapse, and myotoxicity with skeletal muscle
breakdown. In the present study, we investigated the toxins and mechanisms behind these often
life-threatening symptoms from the venom of four species of Australasian elapid snakes
(Acanthophis praelongus, Acanthophis rugosus, Oxyuranus scutellatus and Pseudonaja textilis)
with emphasis on their neurotoxic, cytotoxic and cardiovascular activities.

Previously, post-synaptic neurotoxins were postulated to be the primary components
responsible for neurotoxicity following death adder envenoming in humans. However,
neurotoxicity is often poorly reversed by antivenom or anticholinesterase suggesting that death
adder venoms may contain pre-synaptic neurotoxins that do not respond, as well as post-synaptic
neurotoxins, to antivenom. In this study, phospholipase A, (PLA;) neurotoxins, P-EPTX-Apla and
P-EPTX-Arla, were isolated from the venoms of Acanthophis praelongus (Northern death adder)
and Acanthophis rugosus (Irian Jayan death adder), respectively. P-EPTX-Apla (20-100 nM) and
P-EPTX-Arla (20-100 nM) inhibited indirect twitches of the chick biventer cervicis nerve-muscle
preparation without affecting contractile responses to nicotinic receptor agonists. Pre-incubation of
4-bromophenacyl bromide (1.8 mM) markedly reduced the effect of both toxins on twitch height
suggesting that PLA; activity plays an important role to induce pre-synaptic neurotoxicity.

Some snake pre-synaptic PLA, neurotoxins have been reported to also possess myotoxic
activity and promote cell death. Therefore, pre-synaptic neurotoxins from Oxyuranus scutellatus
(Papuan taipan) and 4. rugosus venoms, cannitoxin and P-EPTX-Arla, respectively, as well as the
whole venoms, were examined for myotoxic and cytotoxic activities. Based on size-exclusion high
performance liquid chromatography (HPLC) analysis, cannitoxin represents 16% of O. scutellatus
venom, while P-EPTX-Arla represents 6% of 4. rugosus venom. A. rugosus venom induced
significantly higher myotoxic activity than that of O. scutellatus venom in the chick biventer

cervicis nerve-muscle preparation. In a rat skeletal muscle cell line (L6), A. rugosus venom and

viii



P-EPTX-Arla induced significantly greater cytotoxicity than O. scutellatus venom and cannitoxin.
Thus, A. rugosus and O. scutellatus venoms possess different myotoxic and cytotoxic activities.
These activities were independent of the proportion of pre-synaptic neurotoxin and PLA, activity
in the whole venoms.

The cytotoxicity and disruption in neurotransmitter (i.e. acetylcholine) release induced by
snake pre-synaptic neurotoxins have been postulated to be due to an increase in intracellular Ca®".
In the current study, P-EPTX-Arla, a pre-synaptic neurotoxin from A. rugosus venom, caused an
increase in cytoplasmic calcium and membrane depolarization in primary dorsal root ganglion
(DRG) neurons. Influx of Ca®" did not occur in Ca*"-free Hank’s solution with EGTA. Ca®" influx
was also significantly reduced in the presence of nifedipine or agatoxin indicating that L-type and
P/Q-type voltage-gated calcium channels, respectively, are involved in Ca®" influx. Patch clamp
studies in whole cell mode demonstrated that P-EPTX-Arla evoked inward currents in DRG
neurons which were blocked by SKF96365, a cationic channel blocker, suggesting that
P-EPTX-Arla induced-Ca®" influx may be related to membrane depolarization through the
activation of cationic channels.

Sudden cardiovascular collapse following envenoming by some Australasian elapids (e.g.
Oxyuranus spp. or Pseudonaja spp.) is a poorly understood cause of mortality and morbidity.
Previous studies showed that administration of O. scutellatus or Pseudonaja textilis (eastern brown
snake) venoms cause sudden cardiovascular collapse in anaesthetized animals. In the current study,
O. scutellatus venom failed to affect force of contraction and conductivity in rat isolated heart
preparations. In anaesthetized rats, sub-lethal doses of O. scutellatus venom (5-10 pg/kg, i.v.)
produced transient hypotension while 20 or 50 pg/kg (i.v.) of venom produced cardiovascular
collapse in all animals tested. The administration of P. textilis venom (10 or 20 pg/kg, i.v.) to
anaesthetized rats also induced sudden collapse. Interestingly, cardiovascular collapse induced by
O. scutellatus or P. textilis venoms was attenuated by prior administration of small ‘priming’ doses
of some Australasian elapid venoms (i.e. O. scutellatus, P. textilis or A. rugosus venoms) or a
venom from an exotic snake i.e. Daboia russelii limitis. Prior administration of polyvalent snake
antivenom or heparin also protected against sudden collapse induced by O. scutellatus or P. textilis

venoms.
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A prothrombin activator-like compound, PTV3, was partially purified from P. textilis
venom. Protein bands of PTV3 displayed homology to catalytic and non-catalytic subunits of
prothrombin activator ‘pseutarin C’ of P. fextilis venom. Administration of PTV3 (10 and 20
pg/kg, i.v.) induced rapid cardiovascular collapse which was abolished by prior administration of
small priming doses of PTV3 (2 and 5 pg/kg, i.v.) or heparin. This indicates that the prothrombin
activator-like compound, PTV3 may contribute to sudden cardiovascular collapse in anaesthetized
rats.

In isolated rat mesenteric arteries, P. textilis venom but not PTV3 induced endothelium-
dependent relaxation. O. scutellatus venom also induced both endothelium-dependent and
-independent relaxation in pre-contracted rat mesenteric arteries which were inhibited by
indomethacin, IbTX or Rp-8-CPT-cAMPs suggesting that vascular relaxation induced by the
venom may be due to a combination of release of dilator autacoids and a direct relaxing effect on
vascular smooth muscle involving the cAMP/protein kinase A (PKA) cascade. We subsequently
isolated a PLA, fraction (OSC3) from O. scutellatus venom and examined the hypotensive and
vascular relaxant responses. OSC3 displayed high PLA, activity and caused endothelium-
dependent and -independent relaxation in pre-contracted rat mesenteric artery rings. Indomethacin
and Rp-8-CPT-cAMPs markedly attenuated vascular relaxation induced by OSC3 on endothelium-
denuded mesenteric arteries. Reverse-phase HPLC analysis of OSC3 indicated the presence of 2
major components, i.e. OSC3a and OSC3b. Both components induced a hypotensive effect in
anaesthetized rats which was attenuated by prior administration of indomethacin. The amino acid
sequencing indicated that the active components of OSC3 showed homology to PLA, toxins from
O. scutellatus (coastal taipan) venom. This finding indicates that PLA, of O. scutellatus venom
contains indirect relaxant and hypotensive effects that involve other vasoactive compounds e.g.
PGI,; or PKA. It can be concluded that Australasian elapid induced-early cardiovascular collapse
involves a combination of mediator-induced relaxation and prothrombin activator-like compound.

In conclusion, this study examined the mechanisms behind snake pre-synaptic neurotoxin-
induced neurotoxic and cytotoxic activities and the contributing factors to early cardiovascular
collapse following Australasian elapid envenoming. These data provide useful insights for the

clinical management of snake envenomed patients.
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Cuaprter 1

GeNErRAL INTRODUCTION



CHAPTER 1

1. Rationale and background

Snake envenoming is an occupational hazard in many countries throughout the world. The
highest burden of snakebite is in tropical regions of Asia (i.e. South Asia and Southeast Asia),
Papua New Guinea, almost all African countries, and Latin America (Gutierrez et al., 2010). A
study funded by the World Health Organization estimated that over 440,000 snake envenoming
cases and 20,000 deaths occur globally each year (Kasturiratne et al, 2008). Interestingly,
Australia is home to the vast majority of snakes whose venom is ‘ranked’ in the top 25 for lethality
based on LDs, values (i.e. ‘dose’ of venom required to kill 50% of a population of mice) (Broad et
al., 1979). However, morbidity and mortality from snakebite in Australia is relatively low
compared to the geographical locations listed above. This is most likely due to developed first aid
procedures (i.e. pressure immobilization technique), an extensive collection of high quality
antivenoms and relatively easy access to clinical assistance from most parts of the country.

However, snake envenoming remains a significant life-threatening problem in Papua New
Guinea and some Indonesian islands (i.e. Irian Jaya) (Currie, 2000), where access to antivenom and
health care are far more limited. In Port Moresby General Hospital, Papua New Guinea, 12% of
patients admitted following snake envenoming died from severe respiratory complications and/or
intracerebral hemorrhage (McGain ef al., 2004).

Nearly all of the medically important venomous snakes of Australia, Papua New Guinea
and the Indonesian islands belong to the family Elapidae (Currie, 2000). Elapid snakes are
characterized by a pair of anterior fangs in their upper jaw (White, 1991), which contain an
enclosed venom canal in contrast to the open groove found in the fangs of vipers (Parker and
Grandison, 1977). This effective biting mechanism, as well as the presence of a highly potent
venom, make elapid snakes extremely dangerous (Hodgson and Wickramaratna, 2006).

Envenoming by Australasian elapids can result in a range of clinical outcomes. Life-
threatening symptoms may include progressive neuromuscular paralysis, sudden cardiovascular
collapse, severe coagulopathy with fibrinogen depletion and bleeding in vital organs (i.e.

intracranial hemorrhage) (Currie, 2000). Systemic envenoming can be fatal if first aid treatment
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and, if indicated, antivenom is not administered early, especially in the presence of neurotoxicity.
Neurotoxicity following envenoming by snakes of genus Acanthophis (death adders) is often
poorly reversed even by large doses of antivenom or neostigmine (anticholinesterase) (Johnston et
al., 2012). This might be due to the fact that post-synaptic neurotoxins present in death adder
venom are “pseudo-irreversible”, and/or the venoms contain pre-synaptic neurotoxins which are
resistant to antivenom. This has been reported in patients, with delayed-onset or gradually
developing neurotoxicity (Gunja et al., 2007). Recently, pre-synaptic neurotoxins from the venoms
of death adders have been identified and characterized (Blacklow et al., 2010a; Blacklow et al.,
2010b) indicating that pre-synaptic neurotoxins are highly likely to be responsible for delayed
neurotoxicity.

Despite clinical managements, deaths resulting from rapid cardiovascular collapse after
brown snake (genus Pseudonaja) envenoming have been reported in Australia (Allen ef al., 2012).
A recent report also described a similar case of Indian Russell viper-induced pericardial
hemorrhage with cardiac tamponade (Senthilkumaran et al, 2012). However, the causes and
mechanisms behind sudden cardiovascular collapse following snake envenoming remain unclear.

In this thesis, venoms of some Australasian elapids responsible for life-threatening
symptoms (i.e. progressive neurotoxicity and cardiovascular collapse) have been characterized
using pharmacological, biochemical and physiological techniques. These studies will hopefully be

of significant benefit to clinicians treating envenomed patients both in Australia and overseas.

2. Australasian venomous snakes

Ten genera of elapids are found in the Australo-Papuan region. They are: Notechis spp.
(tiger snakes), Acanthophis spp. (death adders), Pseudonaja spp. (brown snakes), Pseudechis spp.
(black snakes), Tropidechis spp. (rough-scaled snakes), Oxyuranus spp. (taipans), Austrelaps spp.
(copperheads), Demansia spp. (Whip snakes), Rhinoplocephalus sp. or Micropechis sp. (small-eyed

snakes) and Hoplocephalus spp. (broad-headed snakes) (Mirtschin and Davis, 1982).
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In Australia, neurotoxicity and myotoxicity are the most common outcomes following
taipan and/or tiger snake envenoming (White, 1998) while snakes of genus Pseudonaja (brown
snakes) are responsible for a number of deaths due to early cardiovascular collapse (Allen et al.,
2012). Papuan taipan (Oxyuranus scutellatus), smooth-scaled death adder (Acanthophis laevis),
and New Guinea small-eyed snake (Micropechis ikaheka) are three clinically important elapids
responsible for significant cases of envenoming in Papua New Guinea (Vargas et al., 2011).

In the current study, the venoms of four Australasian elapids from three different genera
were examined i.e. O. scutellatus, P. textilis, A. praelongus and A. rugosus. Three distinct species
of taipan are widely recognized. These are the Australian coastal taipan (Oxyuranus scutellatus;
Figure la), inland taipan (Oxyuranus microlepidotus) and, more recently, the Western Desert
taipan (Oxyuranus temporalis) (Doughty et al., 2007). Although the Papuan taipan (previously
known as O. scutellatus canni) was thought to be a subspecies of the Australian coastal taipan,
taxonomic studies have indicated that there is no significant differentiation between the two
populations (O. scutellatus) (Vargas et al., 2011; Wuster et al., 2005). Envenoming by taipan
causes significant physiological disturbances, characterized by local tender lymphadenopathy,
abdominal pain, coagulopathy, myotoxicity, neurotoxicity, renal toxicity and cardiac disturbances
(Lalloo et al., 1995a; Lalloo et al., 1997; Trevett et al., 1995).

Snakes in the genus Pseudonaja are widely distributed across mainland Australia. These
include the Peninsula brown snake (P. textilis inframacula), Ingram’s brown snake (P. ingrami),
western brown snake (P. nuchalis), speckled brown snake (P. guttata), Dugite (P. affinis affinis),
Tanners (P. affinis tanneri) and common or eastern brown snake (P. textilis textilis; Figure 2a)
(Mirtschin and Davis, 1982). Eastern brown snakes are commonly found in the eastern half of
Australia, with isolated populations in the Northern Territory (Figure 2b). The eastern brown snake
population in Papua New Guinea is thought to have resulted from the transportation from Australia
of eggs in military or agricultural equipment (O'Shea, 1996). Bites from snakes of genus
Pseudonaja account for a considerable proportion of the morbidity and mortality from snakebite in

Australia (Allen et al., 2012). The most significant symptom following envenoming by brown
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snakes is defibrination which may result in severe coagulopathy from the presence of potent

procoagulant toxins.

The elapids of genus Acanthophis (death adders) are viper-like in appearance characterized
by the presence of a broad triangular head, and a muscular body with a small thin rat-like tail
terminating in a sharp cured spine (Mirtschin and Davis, 1982). Death adders are found in a
variety of geographical areas in continental Australia, as well as eastern Indonesian islands and
Papua New Guinea (Wickramaratna et al., 2003b). Five Australian species have been reported; (1)
A. hawkei (Barkly Tableland death adder), (2) 4. antarcticus (common death adder), (3) 4. wellsi
(black head death adder), (4) 4. pyrrhus (desert death adder) and (5) A. praelongus (northern death
adder; Figure 3a). Two species have been identified in Papua New Guinea in Irian Jaya and on the
island of Seram; i.e. 4. rugosus (Irian Jayan death adder; Figure 4a) and 4. laevis, respectively.
Neurotoxicity, anticoagulation, myotoxicity and rhabdomyolysis are potential outcomes following

death adder envenoming (Isbister et al., 2010a; Lalloo et al., 1996; Wickramaratna et al., 2003b).
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Figure 1: (a) A photograph of Oxyuranus scutellatus (kindly supplied by Peter Mirtschin) and (b)
map of Papua New Guinea and Australia showing its distribution in orange (adapted from White
et al., 1998 and http://www.avru.org/research/png srp/implicated spp/snakebite2.html).
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Figure 2: (a) A photograph of Pseudonaja textilis (eastern brown snake) (kindly supplied by Peter
Mirtschin) and (b) a map of Australia and Papua New Guinea showing its distribution in orange
(White et al., 1998 and http://www.avru.org/research/png_srp/implicated spp/snakebite2.html).
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Figure 3: (a) A photograph of Acanthophis praelongus (northern death adder) (kindly supplied by
Peter Mirtschin) and (b) a map of Australia showing its distribution in orange (adapted from
White et al., 1998).
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(b)

West Papuan

Figure 4: (a) A photograph of Acanthophis rugosus (Irian Jayan death adder) (kindly supplied by
David Williams) and (b) a map of West Papua New Guinea showing its distribution in orange
(adapted from http://www.avru.org/research/png_srp/implicated spp/snakebite2.html).
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3. Snake venom components and symptoms following envenoming

Venom has evolved for the immobilization and digestion of prey, as well as a defensive
weapon. Variations in the composition of venom or the toxicity of snake venoms is dependent on
the species, geographical location, habitat, season, sex and diet of the snake (Chippaux et al., 1991;
Currie, 2000; Menezes et al., 2006; Queiroz et al., 2008; White, 1991). In this literature review,

venom components which induce toxic effects on important physiological systems are described.

3.1 Phospholipase A, (PLA;)

Phospholipases are classified into 4 main groups (phospholipase A;, A,, C or D), based on
their sites of hydrolysis at ester bonds of 3-sn-phosphoglycerides (Figure 5) (Fry, 1999). PLA,
(EC 3.1.1.4) enzymes are the most common phospholipase found in animal venoms. They are
water soluble hydrolytic enzymes which hydrolyze glycerophospholipids at the sn-2 acyl ester
bond of membrane glycerol-3-phospholipids. Secreted PLA,s (sPLA,) have a molecular mass of
14-16 kDa and require calcium for enzymatic activity (Rizzo et al., 2000). They have been
identified in mammalian tissues such as the pancreas, synovial fluid and platelets (as
inflammatory-type sPLA;) as well as in venoms (Rizzo et al., 2000). Secreted PLA, are
categorized into three classes. Elapid or hydrophid venoms contain class I sPLA,, while class II
sPLA;s are found in crotalid and viper venoms (Fry, 1999). Class III sPLA,s are abundant in the
venoms of beaded lizards (Fry, 1999) and bee venom (Arni and Ward, 1996).

Australasian elapid PLA;s are basic and have 118 amino acids with 7 disulfide bonds (Fry,
1999). PLA, enzymes contribute to a number of pharmacological effects including neurotoxicity,
myotoxicity, anticoagulation, smooth muscle relaxation/hypotension and hypersensitivity (Kini,

2003).
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Figure 5: The sites of hydrolysis (red arrows) of 3-sn-phosphoglycerides according to different
phospholipase as type A;, A, C or D (Harris, 1991).

The pharmacological effects of PLA, may be produced either as a consequence of
enzymatic activity of PLA, or as a consequence of binding activity of PLA, enzyme without
catalytic activation (Kini, 2003). Thus, interaction between ‘specific target binding sites’
(membrane lipids or glycoproteins) on the surface of cells and ‘pharmacological sites’ on the PLA,
molecule (independent of the catalytic site) can result in activation of the target site with
pharmacological outcomes (Kini and Evans, 1989). A range of specific protein binding targets for
snake PLA, toxins have been investigated. These include voltage-gated K' channel (Ky) for -
bungarotoxin (Petersen et al., 1986), crotoxin acceptor protein from Torpedo (Faure et al., 2003),
neuronal pentraxin for taipoxin (Kirkpatrick et al., 2000) and M-type PLA, receptor from skeletal
muscle for OS1 and OS2 (Lambeau et al., 1990).

For the catalytic-dependent pharmacological effects, hydrolytic activity of the PLA,
enzyme at the phospholipid membrane induces the release of lysophospholipids (LysoPL) and fatty

acids (FAs). These products generate pharmacological effects within cells, including membrane
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damage, resulting in disruption of membrane-bound protein and functional disturbances (Kini,
2003).

Histidine-48 (His-48) plays an important role in phospholipid hydrolysis activity and is
located close to the active catalytic site of PLA,. The catalytic activity of PLA; can be abolished by
selective alkylation of His-48 using 4-bromophenacyl bromide (4-BPB) (Volwerk et al., 1974) or
p-nitrobenzenesulfonate (Yang and King, 1980). The enzymatic activity of PLA, enzymes also
requires Ca”". Therefore, the catalytic activity of PLA, can be inhibited by calcium chelators (e.g.
EGTA, EDTA), removal of Ca®" or replacement of Ca®" by other ions such as Ba®" and Sr**
(Hodgson et al., 2007). However, Ca®" chelators or ion substitutions do not affect the non-

enzymatic dependent mechanisms (Kini, 2003).

3.2 Effects of snake toxins on ion channel activities

Ion channel activation by snake neurotoxins has been investigated using
electrophysiological techniques with a number of studies indicating the involvement of these toxins

in the modulation of a range of ion channels.

3.2.1 Sodium (Na") channels

Voltage-gated Na' channels (Nays) play a major role in the upstroke of the action potential
in excitable cells e.g. neurons and muscle cells (Brandt et al., 1976; Hiriart and Matteson, 1988;
Tse and Hille, 1993; Yang et al., 1991). Nays consist of a single long polypeptide chain with four
distinct domains (I-IV), each of which contains six transmembrane a-helices (S;-S¢) (Shimomura
et al., 2011). Nays are mostly closed at resting membrane potentials more negative than -65 mV.
The large electrochemical gradient for Na' leads to rapid Na' entry during the opening of Nays.
Tetrodotoxin (TTX), a toxin from puffer fish, and saxitoxin (STX), from dinoflagellate of genus
Gonyaulax, are natural blockers affecting the function of Nays (Huang et al., 2012).

Based on data from nomenclature studies (Goldin, 2001; Goldin et al., 2000) and amino

acid sequencing of transmembrane and extracellular domains (Catterall et al., 2005), nine subtypes
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of voltage-gated Na' channels have been identified i.e. Nayl.1-Nay1.9. Sensitivity to TTX is used
as a means of classifying voltage-gated Na" channels. Nayl.1-Nayl.4, Nayl.6 and Nayl.7 are
TTX-sensitive (TTX-S) as they are blocked by low concentrations of TTX (0.1-1 nM). Nayl.5,
Nay1.8 and Nay1.9 are classified as TTX-resistant (TTX-R) as they are blocked by TTX only at
concentration above 10 pM (Akopian et al., 1996; Cummins et al., 1999; Roy and Narahashi,
1992; Satin et al., 1992). Nayl.5 is wildly distributed in mammalian heart (Marionneau et al.,
2012). Nayl.5 (Renganathan et al., 2002), Nay1.8 and Nay1.9 are abundant in dorsal root ganglia
neurons (Akopian et al., 1996; Dib-Hajj et al., 1998a; Dib-Hajj ef al., 1998b). Nay1.4 and Nay1.5
are also found in skeletal muscle cells (Prasarnpun et al., 2005) while Nay1.1, Nay1.2 and Nay1.6
are predominantly found in CNS neurons (Catterall et al., 2005).

A number of studies have examined the action of snake toxins on Nays. For example, a
secondary upregulation of Nayl.5 mRNA in B-bungarotoxin-inoculated rat soleus muscle fibers
(Prasarnpun et al., 2005) has been postulated to be due to denervation and inactivity of skeletal
muscle (Kallen et al., 1990; Pasino ef al., 1996). Crotamine (a myotoxin from rattlesnake, Crotalus
durissus terrificus venom) activates Na' channels causing an influx of Na™ in skeletal muscle

resulting in depolarization (Oguiura et al., 2005).

3.2.2 Calcium (Ca*") channels

Ca’" entry is involved in numerous physiological mechanisms e.g. initiation and
modulation of muscle contraction, signal transduction, neurotransmitter release and hormone
secretion (Berridge, 2005; Carafoli, 2005). Ca®" regulates these functions either by acting directly
on specific proteins such as troponin C on actin filament in excitation-contraction coupling
(Mayrleitner et al., 1994) or activation of calmodulin to modulate signal transduction in second
messenger pathways (Berridge et al., 2003; Berridge ef al., 2000a; Berridge et al., 2000b).

Generally, cells maintain a Ca®" concentration gradient of ~10,000:1 between the
extracellular and intracellular compartments. Voltage-operated calcium channels (VOCCs) are a

major pathway for Ca®" entry across the plasma membrane. VOCCs are composed of four non-
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covalently associated polypeptides, a4, 0,01, B1. and y; (Wang et al., 2004). The al subunit is the
Ca®" pore forming subunit, similar in structure to the 4x6 loop arrangement of Nays. The other
subunits play a role in regulating channel gating (Leung et al., 1987). VOCCs are activated by
depolarization. A vast number of factors affect the function of VOCCs including stress, diseases,
aging, chemical agents or toxins. These stimuli may damage healthy cells or neurons by permitting
Ca’" overload leading to apoptosis and cell degeneration.

Based on pharmacological, physiological properties and sequence analysis of al subunit
genes (Ertel et al., 2000), five families of VOCCs have been categorized (long-lasting, L; neuronal,

N; Purkinje, P/Q; transient, T; residual (resistant), R).

L-type Ca’* channels

The long-lasting Ca’channels are inhibited by dihydropyridine (DHP) derivatives (e.g.
nifedipine, amlodipine) including the snake toxin, calciseptine (Kochegarov, 2003). L-type Ca*"
channels are classified into 4 subtypes (Cayl.1-1.4) based on the al subunit. Cayl.1 in skeletal
muscle and Cay1.2 in cardiac cells are responsible for the excitation-contraction coupling (Wang et

al., 2004), while Cay1.3 and Cayl.4 are located in neurons and retina, respectively (Satin et al.,

2011).

N-type Ca’* channels
N-type Ca>" channels are not blocked by DHPs (Nowycky e al., 1985). They are sensitive
to w-conotoxins GVIA and MVIIC from Conus geographus (cone shell mollusk) (Lewis et al.,

2012). These VOCCs are abundant in brainstem and responsible for neurotransmitter release

(Mendelowitz et al., 1995).

P/Q-type Ca** channels
P and Q components of the current through these channels are difficult to distinguish

therefore, the term ‘P/Q-type’ current refers to both. These channels were discovered in Purkinje
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cells (hence the ‘P’) and are insensitive to either DHPs or w-conotoxin. In alA gene knockout
mice, there is an absence of both P-type and Q-type currents (Randall and Tsien, 1995) suggesting
that these currents share the same gene. P/Q type Ca>" channels are found in central or peripheral
pre-synaptic membranes (Luisi et al., 2009) as well as in nodose sensory neurons and arterial
baroreceptors (Tatalovic et al, 2012). P-type current is sensitive to low concentrations of -
agatoxin IVA, a peptide from the venom of American funnel web spider, Agelenopsis aperta,

while Q-type current is blocked by high concentration of w-agatoxin IVA (Kochegarov, 2003).

T-type Ca’* channels

T-type or low-voltage-activated (LVA) current is inhibited by very low concentrations of
mibefradil and kurtoxin, a peptide toxin from the South African scorpion, Parabuthus
transvaalicus. These channels are abundant in brain, kidney, liver, heart and CNS (Kochegarov,

2003).

R-type Ca’* channels
R-type Ca®" channels are inhibited by SNX-482, from the venom of the African tarantula,
Hysterocrates gigas (Kochegarov, 2003). These channels are abundant in major neuronal systems

and resistant to DHPs, w-conotoxin GVIA and w-agatoxin IVA.

Ligand-gated Ca’* channels

Cytoplasmic Ca®" availability can also be increased by pathways other than influx through
VOCCs. These pathways include ligand-operated Ca*" channels (LOCCs) or ionotropic receptors,
which involve modulation of Ca*" entry through NMDA (N-methyl-D-aspartate) receptors in
glutamatergic transmission (Leist and Nicotera, 1998) or nicotinic acetylcholine receptors
(nAChRs). Transient receptor potential (TRP) channels also have a significant Ca®>" permeability
that permit Ca®" influx (Verkhratsky, 2007). TRP channels belong to a super-family of cationic

non-voltage gated channels found in many eukaryotic cells (Pedersen et al., 2005). TRP channels
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may generate physiological effects through G-protein coupled receptor pathways which are
sensitive to environmental conditions such as temperature, diacylglycerols, mechanical force and
hypotonic stress (Gosling ef al., 2005). Pathological activation of TRP channels may cause
uncontrolled Ca®" overload (Yoon et al., 2000).

It has been shown that neurotoxicity of snake pre-synaptic PLA, neurotoxins (e.g.
textilotoxin, taipoxin) is induced through an increase in intracellular calcium ([Ca%]i) in isolated
rat neuronal cells (Tedesco et al., 2009). This may result in the depletion of neurotransmitters
through excessive Ca’" influx which is observed in neurons treated by a mixture of phospholipid

hydrolysis products (i.e. LysoPL and FA) promoting a large influx of [Ca®']; (Rigoni et al., 2007).
ydrolysis p

3.2.3 Potassium (K*) channels

K" channels were identified by sequencing the Caenorhabditis elegans genome, with
almost one hundred K channels present in this organism (Bargmann, 1998). K channels are
critical for determining the negative value of the resting membrane potential in all cells. They also
play a role in the regulation of neuronal or cardiac electrical transmission, release of
neurotransmitters or hormones (e.g. insulin), skeletal muscle or cardiac contractions and
modulation of signal transduction (Kaczorowski and Garcia, 1999). The structure of Ky comprises
six transmembrane segments (S;-S¢) with a pore-forming region located between Ss and Se
(Kaczorowski and Garcia, 1999).

Ky channels have been characterized as Shaker (Ky1), Shab (Ky2), Shaw (Ky3) and Shal
(Kv4) in the homologues of the Drosophila potassium channel genome (Robertson, 1997). Ky
channels can be inhibited by charybdotoxin (ChTX; from Leiurus quinquestriatus hebraeus
venom; blocks Kyl1.2 and 1.3; Miller, 1995), noxiustoxin (NxTX; from scorpion venom,
Centruroides noxius; blocks Ky1.2 and 1.3; Leonard et al, 1992), agitoxin (AgTX; from
Androctonus mauretanicus; blocks Ky1.3; Garcia et al.,, 1994) and dendrotoxin (DTX; from

African mamba (Dendroaspis angusticeps) venom; blocks Ky1.1, 1.3 and 1.6; Penner et al., 1986).
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Snake pre-synaptic neurotoxins (e.g. dendrotoxin, B-bungarotoxin) inhibit the Ky channel,
allowing VOCCs to remain open for longer, prolonging a Ca® influx which may induce an
enhanced release of neurotransmitter (Penner and Dreyer, 1986; Penner et al., 1986; Petersen et al.,
1986). However, one report failed to confirm an inhibitory action of snake pre-synaptic
neurotoxins on cloned Ky channels in B82, L929 mouse fibroblasts or mouse erythroleukemia cells
(Fathi et al., 2001). This result may be due to an absence of binding sites on the a-subunit of the
five Ky channels used in the study and/or may reflect the absence of accessory Ky subunits in the

cell lines used that are essential for toxin channel interaction.

3.2.4 Chloride (CI') Channels

Chloride (CI') is the most abundant anion in biological systems. It has a significant role in
inducing membrane hyperpolarization, in inhibitory postsynaptic potentials (IPSP) and in the
regulation of intracellular pH and cell volume (Edwards and Kahl, 2010). CI' channels are
classified into 4 different categories, based on their functional and biophysical properties. Those
are (1) cystic fibrosis chloride channel, (2) swelling active chloride channels, (3) calcium activated
chloride channels and (4) ligand gated chloride channels or y-aminobutyric acid (GABA)/glycine
receptors (Jentsch et al., 2002). Oenanthotoxin, a polyacetylenic alcohol extracted from a plant of
genus Oenanthe, has been reported to block GABAergic currents in rat hippocampal neurons

suggesting an inhibitory effect on chloride channels (Wyrembek et al., 2010).

3.3 Neurotoxicity

Neurotoxicity is the most common symptom following envenoming by Australasian
elapids. This is due to inhibitory effects at the skeletal neuromuscular junction and is an important
mechanism of immobilizing the prey.

Snake neurotoxins interrupt signal transduction at the neuromuscular junction either
presynaptically, at the motor nerve terminal or postsynaptically, at nAChRs on the plasma

membrane of skeletal muscle cells. This results in a disturbance of transmitter release or disruption
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of binding activity between ACh and nAChRs, respectively. Australasian elapid venoms contain
potent neurotoxins that cause extraocular muscle weakness (ptosis), flaccid paralysis and

respiratory failure due to respiratory muscle weakness in envenomed humans.

Signal transduction at the neuromuscular junction

The presynaptic and postsynaptic membranes are separated by a synaptic cleft. The
presynaptic nerve terminal contains a large number of active zones and synaptic vesicles packed
with neurotransmitters (Figure 6a). Acetylcholine (ACh) is the neurotransmitter at the
neuromuscular junction (NMJ) and synthesized in the cytosol of the presynaptic nerve terminal by
choline acetyltransferase (ChAT) (Palouzier-Paulignan et al., 1991) (Figure 6a). Choline is the
precursor for ACh synthesis and is taken up into cholinergic nerve terminals by a specific
transporter (Black and Rylett, 2012). Synthesized ACh is transported from the cytoplasm to
synaptic vesicles by a vesicle-associated transporter which can be interrupted by some snake pre-
synaptic neurotoxins i.e. taipoxin and paradoxin (Treppmann et al., 2011).

Release of vesicles of ACh is achieved by an action potential invading the axon terminal,
inducing the opening of VOCCs. The increase in [Ca®]; causes the fusion of the synaptic vesicle
membrane with the presynaptic membrane and the formation of a pore, permitting the release of
transmitter into the synapse. This process is called exocytosis (Schneggenburger et al., 2012), and
occurs when vesicles are already docked at active zones (Figure 6). Docking of synaptic vesicles is
initiated by interaction of SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein
receptors) located on the terminal membrane and the vesicle membrane (step 1, Figure 6b). These
proteins include a vesicle protein (synaptobrevin/VAMP), the Ca>" sensor of membrane fusion
(synaptotagmin), synaptophysin or plasma membrane protein complexes of syntaxin-1 and SNAP-
25 (Becher et al., 1999; Rizo and Sudhof, 2012).

It has been reported that snake pre-synaptic neurotoxins (e.g. f-bungarotoxin or taipoxin)
induce disassociation of vesicular proteins (syntaxin, synaptophysin, synaptobrevin) (Bonanomi et

al., 2005; Prasarnpun et al., 2005). In response to Ca>" entry into the presynaptic membrane,
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SNARE proteins generate membrane complexes and fusion resulting in neurotransmitter release
(step 3, Figure 6b) (Sutton and Sprang, 1998). Following transmitter release, the vesicle is
retrieved by endocytosis (step 4, Figure 6b) which is triggered by Ca®* influx through VOCCs.
Synaptic endocytosis is necessary for the re-uptake of secretory vesicles in synaptic transmission
pathway (Keating et al., 2006). In the CNS, the major pathway is clathrin-mediated endocytosis,

which involves the building up of vesicle by coated membrane clathrin (Yamashita, 2012).

Presynaptic terminal
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nake pre-synaptic ChAT Acetyl CoA

neurotoxin ¢ +
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Figure 6: Schematic diagrams showing (a) target sites of snake pre-synaptic or post-synaptic
neurotoxins including the cycle of ACh synthesis and (b) mechanism of ACh release by exocytosis
(Bear et al., 2007).
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The muscle type nAChR displays a pentameric structure made up of polypeptide subunits
(e.g. (al),B1d¢ in adults, or (al),f16y in the fetus) (Liu and Dilger, 2009). The ACh binding sites
on nAChR are located at the interface between subunits a-6 and a-€ (Akk and Auerbach, 1996). As
a consequence of ACh binding, the nAChR becomes an ionophore (an ion channel) allowing Na"
influx across the muscle cell membrane, resulting in membrane depolarization and muscle
contraction. Acetylcholinesterase (AChE) is responsible for ACh degradation to choline and
acetate for subsequent reuptake into the nerve terminal, and resynthesis into ACh (Dvir ef al.,

2010).

3.3.1 Snake pre-synaptic neurotoxins (f-neurotoxins)

Pre-synaptic neurotoxins or B-neurotoxins have been purified from the venoms of Elapid
(e.g. textilotoxin from P. textilis venom, B-bungarotoxin from the venom of Bungarus
multicinctus), Crotalidae (e.g. crotoxin from South American rattlesnake, Crotalus durissus
terrificus) and Viperidae (e.g. Ammodytoxin A from Vipera ammodytes) snakes. Most snake pre-
synaptic neurotoxins display PLA, activity which interrupts neurotransmitter release, synthesis,
storage or turnover on the synaptic nerve terminal (Rossetto et al., 2006). Nevertheless, a direct
relationship between PLA, activity and p-neurotoxin-induced neurotoxicity is not proven
(Hodgson et al., 2007). The effects of pre-synaptic neurotoxins is difficult to neutralize by
administration of antivenom or washing out with fresh medium unless performed within a short
time period after envenoming (Montecucco and Rossetto, 2000).

Snake pre-synaptic neurotoxins (Table 1.1) display a molecular mass between 14-70 kDa
and are comprised of different subunits (Fohlman et al, 1979; Fohlman et al., 1976). B-
Bungarotoxin contains two subunits, A and B, bound together with covalently cross-linked
disulphide bridge (Rowan, 2001), while taipoxin, paradoxin and cannitoxin contain three non-
covalent cross-linked, a-, B- and y-subunits (Kuruppu et al., 2008). The a-subunit is the only
catalytic subunit that displays the PLA, activity. The y-subunit possesses acidic properties and

appears to be heterogeneously glycosylated (Kuruppu et al., 2008). The - and y-subunits work
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together as chaperones to induce toxicity (Fohlman et al., 1979). Thus, the activity of each subunit

is significantly reduced upon dissociation from the other subunits (Fohlman ef al., 1976).

Table 1.1 Alignment of certain elapid pre-synaptic neurotoxin subunits

Species Pre-synaptic neurotoxin Partial amino acid sequences
subunit/ molecular mass
(Da)

A. antarcticus P-EPTX-Aala; o-subunit ~NLLQFGFMIR CANKRRRPVW PYEESGC
(13,809)"

O. scutellatus Cannitoxin; o.-subunit NLLQFGYMIR CANGRSRPVW - - -----
(13,824)°

O. s. scutellatus Taipoxin; a-subunit NLLQFGFMIR CANRRSRPVW HYMDYGC
(13,829)°

A. antarcticus P-EPTX-Aala; B-subunit DLFQFGKMIE CANKGSRPSL DYMNY
(13,516)"

O. scutellatus Cannitoxin; Bz-subunit NLVQFGFMIE CAIRNRQPAL DFMNY
(13,242)°

O. s. scutellatus Taipoxin; B-subunit NLIQFGKMIE CAIRNRRPAL DFMNY
(13,236)°

A. antarcticus P-EPTX-Aala; y-subunit - SIPLPSLNFEQ FGNMIQCTIP - - - - - - - -
(17,632)"

O. scutellatus Cannitoxin; 'Y_subunit S EIPQPSLDFEQ FSNMIQCTIP - - - - - - - -
(17,762)°

O. s. scutellatus Taipoxin; y-subunit S ELPQPSIDFEQ FSNMIQCTIP - - - - - - - -
(18,354)°

“(Blacklow ef al., 2010a)  °(Kuruppu et al., 2005b) ‘(Fohlman et al., 1977)

The effect of snake pre-synaptic neurotoxins on evoked neuronal transduction in skeletal
muscle preparations is triphasic, characterized by an initial inhibition of twitches and endplate
potential (epp) amplitude (Phase 1), followed by a prolonged facilitatory phase (an increase in
transmitter release, Phase 2), and a final decline in twitch amplitude until complete failure occurs
(Phase 3) (Rowan, 2001). This triphasic effect is particularly evident in low Ca®" or Sr*" substituted
solution as well as in high Mg2+ solution (Caratsch et al., 1985; Chang and Su, 1982). Phase 1

appears to be independent of PLA, activity, and has been suggested to be due to the binding of the
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toxin to the presynaptic membrane. However, the mechanism mediating the decrease in epp
amplitude has not been determined (Rowan, 2001). Phases 2 and 3 require PLA,; activity to induce
toxicity (Kuruppu et al., 2008). The facilitation observed in phase 2 might be induced by an
inhibitory effect on Ky channels which causes presynaptic depolarization and facilitates Ca*" influx
through VOCCs, resulting in enhanced transmitter release. Phase 3 is characterized by a
progressive decline in the epp amplitude and is associated with a failure of endocytotic retrieval of
vesicular membrane, loss of docking sites in the presynaptic membrane, and damage of
mitochondrial membranes (Landon ef al., 1980; Rowan, 2001).

It has been suggested that the effects of pre-synaptic PLA, neurotoxins are due to the
toxins promoting the fusion of the synaptic vesicle membrane to the terminal membrane and the
inhibition of vesicle recycling (Caccin et al., 2006). Monteccucco and Rossetto (2000) suggested a
model where the pre-synaptic neurotoxins bind to the external surface of the membrane allowing
access to the cytoplasm. The toxin is then endocytosed to the synaptic vesicle causing hydrolysis of
the inner phospholipid membrane of the synaptic vesicle. The phospholipid hydrolysis products
(i.e. LysoPL and FA) also exhibit pre-synaptic neurotoxicity in similar manifestations which can
be characterized by:

(1) the enlargement of axon terminals

(2) the appearance of large vesicles, vacuoles and damaged mitochondria

(3) the presence of membrane fusion of ready-releasable synaptic vesicles

(4) transient membrane pores which lead to the entry of external Ca®"

(5) depletion of neurotransmitter from synaptic vesicles (Rigoni et al., 2007).

Recent studies have shown that the anti-trypanosomiasis agent and antagonist of P2
purinoceptors, suramin, inhibits the early biphasic effects of pre-synaptic neurotoxins (i.e. B-
bungarotoxin, taipoxin, ammodytoxin A) and significantly prolongs the time taken for complete
inhibition of twitch contractions (Fathi et al., 2011). Suramin has been reported to antagonize the
inhibitory action of non-depolarizing agents (e.g. tubocurarine, pancuronium) but not depolarizing

agents (e.g. suxamethonium) (Henning et al., 1992). Suramin also inhibits the action of Ca®*

21



CHAPTER 1

channel blockers i.e. w-conotoxin MVIIC or w-agatoxin IVA (Lin et al., 2000). It has been
suggested that suramin interacts directly with the pre-synaptic neurotoxin to prevent neurotoxicity
(Fathi ef al., 2011). The blocking activity (Phase 3) of toxin is reduced in high Mg2+ suggesting
phospholipase dependence in this phase (Rowan, 2001). PLA,; activity of pre-synaptic neurotoxins
can be attenuated by selective alkylation of His48 using 4-BPB (Blacklow et al., 2010a; Kuruppu

et al., 2005D).

3.3.2 Snake post-synaptic neurotoxins (a-neurotoxins)

Snake post-synaptic neurotoxins or a-neurotoxins display a similarity of action to d-
tubocurarine, a competitive nicotinic receptor antagonist (Endo and Tamiya, 1991). Thus, they are
also known as “curaremimetic toxins”. Post-synaptic neurotoxins bind to nAChR at the NMJ
blocking the binding of ACh (Figure 6a), and preventing muscle contraction. The pharmacological
activity of some post-synaptic neurotoxins occurs quite rapidly in comparison to the effects of pre-
synaptic neurotoxins.

Post-synaptic neurotoxins are classified into short-chain (Type I) and long-chain (Type II)
neurotoxins based on their amino acid sequences and phylogenetic groups (Dufton and Harvey,
1989). Short chain neurotoxins have 60-62 amino acid residues and four disulfide bridges whereas
long-chain neurotoxins contain 66-74 amino acid residues with five disulfide bridges (Endo and
Tamiya, 1991).

In in vitro experiments using skeletal muscle preparations, addition of antivenom at the
time point when the amplitude of the twitches is reduced by 50% (i.e. t50) can often reverse the
inhibitory effect of post-synaptic neurotoxins (Kuruppu et al., 2005¢). A number of post-synaptic
neurotoxins have been purified and characterized from Australasian and other elapid venoms
including acantoxin IVa from A. laevis venom (Wickramaratna et al., 2004), oxylepitoxin from O.
microlepidotus venom (Clarke et al., 2006), hostoxin-1 from Hoplocephalus stephensi venom (Tan
et al., 20006), a-Elapitoxin-Pprl and a-Elapitoxin-Pcl from Pseudechis porphyriacus and

Pseudechis colletti (Hart et al., 2013b), respectively.
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3.4 Myotoxic activity

Myotoxicity is generated by small molecules which can induce direct cytotoxicity in
skeletal muscle causing the release of myoglobin and creatine kinase (CK). Snake myotoxins have
been classified into three different types (Lomonte and Rangel, 2012). They are (1) myotoxin ‘a’
and crotamine or ‘small myotoxins’ from rattlesnake venoms (Oguiura et al., 2005), (2)
“Cytolysins” or “cardiotoxins” , polypeptides found in cobra venom belonging to three finger toxin
(3FTx) family (Kini and Doley, 2010) and (3) PLA,s which appear to be the most abundant
myotoxic compounds in snake venom.

As mentioned above, snake PLA, enzymes are divided into 2 classes, (1) class I; Elapid or
hydrophid PLA, and class II; Viperid snake PLA,. Within class II, myotoxins have been
subdivided into catalytically-active, Asp49 PLA,s and catalytically-inactive PLA,s with the
presence of Lys, Ser or Arg at position 49 (Lomonte et al., 2003). Lys49 PLA, homologues appear
to be frequently recognized catalytically-inactive PLA,s which induce myotoxicity and
cytotoxicity by a mechanism which does not involve phospholipid hydrolysis (Lomonte and
Rangel, 2012).

The characteristics of snake venom-induced skeletal muscle cell damage are
hypercontraction of myofilaments, disruption of the plasma membrane, release of CK and necrosis
(Melo et al., 2004). PLA, myotoxins evoke their myotoxicity rapidly at the plasma membrane of
the muscle cell (approximately 3-4 min) causing membrane depolarization (Melo et al., 2004). The
mechanism behind myotoxin-induced muscle degeneration can be attributed to the binding of the
myotoxin to specific plasma membrane receptors. Binding causes phospholipid membrane
hydrolysis resulting in the generation of ionic pores for cations such as Na” and Ca®" (Villalobos et
al., 2007). Cationic influx depolarizes the cell, opening VOCCs, which causes Ca*" release from
the sarcoplasmic reticulum (SR) and local hypercontraction of skeletal muscle cells (Dixon and
Harris, 1996).

In Australia and Papua New Guinea, envenoming by the Mulga snake (Pseudechis

australis), the taipan (genus Oxyuranus), tiger snake (genus Notechis) and the death adder (genus
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Acanthophis) has been reported to cause myotoxicity. In addition, snake pre-synaptic PLA,
neurotoxins (e.g. taipoxin (Harris and Maltin, 1982), notexin and crotoxin (Melo ef al., 2004)) also
display myotoxicity in in vitro and in vivo studies. Myotoxic activity of snake venoms/toxins can
be attenuated by prior incubation with 4-BPB (Kuruppu et al., 2005a) or suramin (de Oliveira et

al., 2003; Murakami et al., 2005).

3.5 Renal damage

Renal damage (i.e. nephrotoxicity) can result following Australasian elapid envenoming,
and involves mechanisms related to myotoxic activity and elevated CK levels. Nephrotoxicity can
be attributed to several mechanisms: (1) impairment of glomerular perfusion as a result of
intravascular coagulation (Burdmann et al., 1993); (2) a decrease in renal vascular resistance,
glomerular filtration rate and urinary flow (Evangelista ef al., 2010) and (3) obstruction by released
myoglobin from damaged smooth muscle in renal tubules which can lead to renal ischemia and
acute renal failure (Ponraj and Gopalakrishnakone, 1995). Kidneys of animals treated with the
venoms of coral snakes displayed extensive necrosis of tubular epithelial cells, rupture of basal
membrane and tubule thickening. These lesions resulted from glomerular damage by myoglobin

deposits (de Roodt et al., 2012).

3.6 Cell death and cytotoxic activity

The terms cytotoxin, cardiotoxin, direct lytic factor or membrane-disruptive polypeptide
have been used to describe a snake toxin causing cellular degeneration. Effects of snake cytotoxins
include membrane depolarization and Ca®*" release from SR (Fletcher et al, 1993), muscle
contraction (Fletcher and Lizzo, 1987), hemolysis (Jiang et al., 1989) and cytolysis. Numerous
venoms and toxins from elapids (e.g. cobras (Naja spp.), kraits (Bungarus spp.)) and vipers (e.g.
Bothrops asper, Bothrops atrox) induce marked cytotoxicity which can be due to either apoptosis

or necrosis (Mora et al., 2005).
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Apoptosis (programmed cell death) and necrosis are two major modes of cell death.
Necrosis is associated with [Ca®"]; overload while apoptotic cell death is triggered by cellular Ca**
signaling. Pathologically high Ca® levels are induced by two different mechanisms, (1) an
overstimulation of the cell membrane leading to unregulated Ca®" influx (e.g. hyper-release of
glutamate, anoxia, ischemia) and/or (2) failure of Ca*" homeostasis (e.g. exogenous toxins or
physiological factors induce an increase in [Ca®"]). In fact, cell degeneration, either apoptotic or
necrotic, is related to increased Ca>" flux through VOCCs (Barone et al., 2004).

The mechanisms mediating -bungarotoxin-induced cytotoxicity have been elucidated in
mice neurons. B-bungarotoxin induces a rise in [Ca®"]i, leading to the activation of nitric oxide
synthase (NOS) which promotes the production of nitrogenous species and nitric oxide (NO)
(Tseng and Lin-Shiau, 2003a). Neuronal cell death was blocked by BAPTA-AM and EGTA (Ca®
chelators), MK801 (NMDA receptor antagonist) and diltiazem (L-type Ca®" channels blocker)
suggesting that the elevation in [Ca®"]; and neurotoxicity result from Ca®" influx through NMDA

receptors as well as via L-type VOCCs (Tseng and Lin-Shiau, 2003b).

Determination of toxin-induced cytotoxicity by calcium imaging

Snake toxin-induced cytotoxicity can be studied by Ca** imaging techniques. P-
bungarotoxin, taipoxin, or textilotoxin generate an increase in [Ca>"]; which is detected in neurons
loaded with a fluorescent dye (e.g. fura-2, fluo-3, fluo-4) (Rigoni et al., 2007; Tedesco et al.,
2009). Fluorescent dyes (Fluo-4) are administered to the cell as acetoxymethyl (AM) ester which is
permeable to the cell membrane. Intracellular esterases hydrolyze the AM, leaving fluo-4" free in
the cell (Figure 7). Fluo-4> is impermeable to the cell membrane and presents a negatively charged
form which is capable of binding Ca*". Fluo-4> contains a BAPTA-like Ca>" chelator site which
bind to Ca®" therefore measurement of Ca®" can be performed (Hansen and Brauner-Osborne,

2009).
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Figure 7: Schematic diagram displaying the intracellular mechanisms of a calcium assay in
mammalian cells following the administration of the fluorescent calcium binding dye, fluo-4.
Modified from Hansen and Brauner-Osborne (2009).

3.7 Haemostatic abnormalities

Haemostatic disturbances following Australian elapid envenoming such as coagulopathy,
anticoagulation and thrombosis can cause significant mortality leading to intracranial hemorrhage
and complete defibrination (White, 2005) or ‘venom-induced consumption coagulopathy’ (VICC)
(Isbister et al., 2006b). The characteristics of VICC include low or undetectable fibrinogen levels,
depletion of cofactors V and VIII, and high concentrations of fibrin degradation products (Lalloo et
al., 1995b). These haemostatic abnormalities have been suggested to be responsible for the
significant life-threatening events such as severe depression of cardiac output and sudden
cardiovascular collapse following envenoming by some Australasian elapids (Tibballs, 1998;

Tibballs et al., 1989; Tibballs et al., 1992).

3.7.1 Blood coagulation

Intrinsic and extrinsic pathways are involved in fibrin formation. The extrinsic, or in vivo,

pathway is initiated by tissue factor (TF) and factor VII (stable factor). Vascular tissue damage
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activates TF-VIIa complex formation in the presence of phospholipid (PL) and Ca*" (Figure 8).
The TF-VIla complex and factor IXa (plasma thromboplastin component) activate factor X to Xa
leading to the formation of prothrombinase complex (factor Xa, Ca>", PL and factor Va) which
converts prothrombin (factor II) to thrombin (factor Ila) (Davie, 2003).

To stabilize clotting, thrombin induces the activation of factor XIII (fibrin-stabilizing
factor) to XIIla. Factor XIIla and Ca®" develop cross linked fibrin (stabilized form) by using
intermolecular covalent bonds in a stabilizing process (Ichinose, 2001). Thrombin from the in vivo
pathway also activates primarily factors V (proaccelerin), VIII (antihemophilic factor), and XI
(plasma thromboplastin antecedent). Furthermore, the intrinsic pathway or contact pathway is also
activated in order to promote further coagulation. Factor XII plays a role as an initiator in this
pathway and participates in the in vivo pathway during the activation of factor X, as indicated
above (Muller and Renne, 2008). The vascular endothelium also participates in the prevention of
intravascular platelet activation and coagulation. Endothelial cells synthesize and release tissue
plasminogen activator (TPA) which converts plasminogen to plasmin. Plasmin is a fibrin-specific
protease which has a significant role in fibrin digestion (McMichael, 2012). Indeed, vascular
endothelial cells also release vasoactive mediators such as NO and prostacyclin (PGI,) that are
potent inhibitors of platelet aggregation (Moncada et al., 1988; Shankarraman ef al., 2012).

Prothrombin can be activated by exogenous prothrombin activators, present in the venoms
of some snakes, leading to severe hematological disturbances (Rao and Kini, 2002). Venoms of
snakes from the genus Pseudonaja, Notechis and Oxyuranus contain prothrombin activators, while
New Guinea small eyed snake (Micropechis ikaheka), death adder and Australian mulga snake
(Pseudechis spp.) venoms induce anticoagulation (White, 2005).

Snake prothrombin activators are classified into 4 categories based on their functional
properties and cofactor requirements (Rao and Kini, 2002; Rosing and Tans, 1992).

Group A (e.g. ecarin) (Morita et al., 1976) and B (e.g. carinactivase) (Yamada et al., 1996)
prothrombin activators are metalloproteinases found in viperid or crotalid venoms. The activity of

group A prothrombin activators is independent of Ca®" and cofactors (e.g. PL or FVa), while group

27



CHAPTER 1

B prothrombin activators require Ca>" but not cofactors for their activity (Rao and Kini, 2002;

Rosing and Tans, 1992).
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Figure 8: Schematic diagram showing mechanism of blood coagulation. Modified from
McMichael (2012).

Group C and D prothrombin activators are serine proteinases (Rao et al., 2003), which
promote the conversion of prothrombin to thrombin rapidly upon reaching the systemic circulation.
Group C activators contain large protein complexes (approximately 250 kDa) with multiple

subunits (e.g. oscutarin, isolated from O. scutellatus venom, pseutarin C, isolated from P. textilis
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venom) (Rao and Kini, 2002). Group C activators display functional and structural similarities to
mammalian factor Xa-Va complex (Rao and Kini, 2002). Group D activators have been purified
from venoms of Notechis sp. (e.g. notecarin) (Tans et al., 1985) and Tropidechis carinatus (e.g.
trocarin) (Joseph et al., 1999).

Russell’s viper (Daboia russelii) venom is a potent procoagulant venom containing factor
V and X activators (Schiffman et al., 1969) and metalloproteinase (Mukherjee, 2008) resulting in
consumptive coagulopathy and bleeding (Ariaratnam et al., 2009). The clotting activity of
prothrombin activators is inhibited by reversible serine proteinase inhibitors e.g. aprotinin, and

reducing agents such as hirudin, heparin and EDTA (Stocker ef al., 1994).

3.7.2 Hypotension and sudden cardiovascular collapse

The venom of the Gaboon viper (Bitis gabonica) has been reported to induce vasodilation,
resulting in a fall in peripheral resistance, followed by a progressive reduction in stroke volume
due to a cardiotoxic component (Adams ef al., 1981). In an isolated heart experiment, venom of
Bitis nasicornis increased left ventricular pressure (LVP), pacemaker activity and heart rate
(Alloatti ef al., 1991), suggesting changes in [Ca®"]; movement and disruption of ion conductance
during the sino-atrial node action potential.

Sudden cardiovascular collapse following envenoming by Australasian elapids has been
suggested to be due to coronary occlusion induced by some snake prothrombin activators (Tibballs,
1998; Tibballs et al., 1989; Tibballs et al., 1992). However, this is controversial since thrombus
formation at multiple sites would be expected to result from prothrombin activator activity. It has
been suggested that the hypotensive or anaphylactic effects observed following snake envenoming
may involve venom-induced release of depletable vasoactive compounds (e.g. bradykinin,

histamine) (Myint et al., 1985).
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3.7.3 Mediators and venom components affecting vasculature

Histamine is released from mast cells during anaphylactic hypersensitivity and occurs
mostly in the lung, the skin and, in particular high concentrations, in the gastrointestinal tract. At
the cellular level, histamine is largely found in mast cells and basophils and is also inhibited by
heparin (Carr, 1979). Four histamine receptors have been classified i.e. Hi4. H; receptor is
responsible for vasodilation and regulation of general smooth muscle contraction, except in blood
vessels. Mepyramine is an antagonist for H; receptor (Carlson ef al., 2000). The H, receptor has a
major role in cardiac stimulation and gastric secretion. The H, receptor antagonist, ranitidine, has
been reported to attenuate tachycardia following the administration of Bitis nasicornis venom
(Alloatti et al., 1991). The H; receptor is involved in inhibition of transmitter release from
presynaptic neurons in brain and myenteric plexus, while the H4 receptor is implicated in the
production of inflammatory and allergic mediators on eosinophil and neutrophils (Coruzzi et al.,
2007).

It has been reported that metalloproteinase from Vibrio vulnificus venom (Miyoshi et al.,
2003), as well as venom and PLA, from the cobra (Naja spp.), mediate degranulation of rodent
mast cells and promote histamine release (Damerau et al., 1975; Dutta and Narayanan, 1952;
Wang and Teng, 1989). Atrahagin, a metalloproteinase from Chinese cobra (Naja atra) venom has
also been shown to cause histamine release from human mast cells (Wei et al., 2006).

Formation of bradykinin is initiated by prekallikrein, an inactive precursor of the
proteolytic enzyme ‘kallikrein’ in plasma. Bradykinin causes vasodilation and increases vascular
permeability due to PGI, and NO release. There are two major types of bradykinin receptors, Bl
and B2 receptors which are blocked by [Leu®]-bradykinin ;.5 (Seabrook et al., 1995) and Icatibant
(HOE140, pA,,9) (Cole and Lundquist, 2013), respectively.

Serotonin (5-hydroxytryptamine or 5-HT) is a monoamine neurotransmitter in the wall of
the intestine and in the CNS (Trakhtenberg and Goldberg, 2012). In the vasculature, 5-HT activates
5-HT,a-receptors to induce vasoconstriction (Morecroft et al., 1999). 5-HT also mediates the

release of NO from endothelial cells and induces vasodilation via activation of 5-HT; and 5-HT»z
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receptors (Glusa and Pertz, 2000; Glusa and Roos, 1996). Venom of the imperial cone snail, Conus
imperialis contains substantial level of serotonin which may produce prolonged skeletal muscle
paralysis (McIntosh et al, 1993). The venom of Vipera lebetina induces vasodilation and
inflammation in mouse hind paw which might be due to 5-HT release (Sebia-Amrane and Laraba-
Djebari, 2013).

Natriuretic peptides (NPs) regulate electrolyte balance and vascular smooth muscle tone.
‘The Natriuretic peptide’ was named due to its effects on sodium excretion in the urine via an
effect on the kidney and increased production of urine (Vink et al., 2012). Mammalian NPs have
been classified into three different types: the A-type or atrial natriuretic peptide (ANP), the B-type
or brain natriuretic peptide (BNP), and the C-type natriuretic peptide (CNP) (Vink et al., 2012). All
NPs contain a 17-residual ring structure and induce pharmacological effects by activating
membrane-bound receptors (Vink et al., 2012). Physiological effects of ANP and BNP include
natriuresis, vasodilation, hypotension and inhibition of renin-angiotensin and aldosterone cascades
resulting in a decrease in the mechanical load on the heart (Koh and Kini, 2012). NPs also facilitate
the vagal reflex to slow heart rate in response to a rapid increase in blood pressure (Ackermann et
al., 1988; Thomas et al., 2002). Several NPs have been purified from snake venoms. Dendroaspis
natriuretic peptide (DNP) (isolated from Dendroaspis angusticeps venom) was the first reptilian
NP (Schweitz et al., 1992). DNP gives rise to an increase in urinary and plasma cGMP (Johns ef
al., 2007). PNP isolated from the venom of Iranian viper (Pseudocerastes persicus), induces an
increase in urine flow, sodium excretion and reduction in blood pressure (Amininasab et al., 2004).
Three natriuretic-like peptides (TNP-a-c) have been purified from inland taipan venom (Oxyuranus
microlepidotus) (Fry et al., 2005).

Bradykinin potentiating peptide(s) (BPPs) were first discovered in the venom of the South
American pit viper (Bothrops jararaca). BPPs have inhibitory effects on angiotensin converting
enzyme (ACE) and also potentiate the action of bradykinin (Ferreira et al., 1970). These peptides
promote inhibition of bradykinin breakdown, activation of local bradykinin release (Hecker ef al.,

1994) and also inhibit the synthesis of angiotensin II. The ACE inhibitor captopril, an
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antihypertensive medication, was developed base on the structure of snake BPPs (Camargo ef al.,
2011). BPPs have been purified from viperid and crotalid venoms e.g. Bothrops jararaca,
Bothrops neuwiedi, Agkistrodon blomhoffi, Agkistrodon halys pallas, Agkistrodon piscivorus and
Crotalus atrox. Moreover, scorpion and spider venoms also contain bradykinin potentiating
peptide activity (Sosnina ef al., 1990; Verano-Braga et al., 2008).

L-type Ca’*-channel blockers have been primarily isolated from mamba venoms.
Calciseptine (de Weille et al., 1991) and FS2 toxin (Strydom, 1977) were identified in black
mamba (Dendroaspis polylepis) venom (Koh and Kini, 2012). The hypotensive effect of both
toxins is more marked than that of nifedipine (Watanabe et al., 1995). Calciseptine and FS2 toxins
contain 60 amino acid residues and structural similarity to three-finger toxins (Joseph et al., 2004).

Isolated PLA3s from snake venoms generate hypotensive effects by either a direct action
on vascular smooth muscle or by indirect mechanisms such as the release of vasoactive mediators
e.g. prostaglandins (Ho and Lee, 1981), lipoxygenase metabolites and cGMP (Huang and Lee,
1985). The hypotensive effects of snake PLA, can be blocked by indomethacin (a non-selective
cyclooxygenase inhibitor), nordihydroguaiaretic acid (NDGA, a lipoxygenase inhibitor) and
methylene blue (¢cGMP inhibitor) (Duan et al., 2003). Isolated PLA,s from Vipera russelli (Huang,
1984), Notechis scutatus (Francis et al., 1993) and Naja mossambica (Cicala and Cirino, 1993)

venoms have been shown to induce a hypotensive effect in anaesthetized animals.

3.8 Effects of snake venom on vascular smooth muscle

As mentioned above, snake venoms can have either a direct or indirect effects on vascular
smooth muscle cells. As such, it is important to understand the key mediators responsible for

maintaining vascular tone.

3.8.1 Smooth muscle contraction

Vasoconstrictors such as noradrenaline or angiotensin II evoke depolarization of the

smooth muscle cells by increasing the membrane permeability to cations (Na™ and Ca®") which
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leads to an increase in the opening of VOCCs and further Ca®" influx (Zamorano et al., 1995). In
smooth muscle cells, the SR is a major intracellular storage site for Ca®". Activation of receptors
which mediate vasoconstriction (e.g. a-receptors, endothelin receptors) stimulates membrane-
bound phospholipase C (PLC) to release inositol trisphosphate (IP3) into the cytoplasm (Figure 9).
IP3 activates receptors on the SR, resulting in the release Ca’" into the cytoplasm. A rise in [Ca®"];
activates myosin-light-chain kinase (MLCK) and induces phosphorylation of myosin causing

smooth muscle contraction (He et al., 2011).

3.8.2 Smooth muscle relaxation

Smooth muscle relaxation is induced by mechanisms involving cAMP or cGMP activated
protein kinases (PKA and PKG), activation of K' channels, activation of Ca”" extrusion pumps (in
the SR and plasma membranes) and/or suppression of the sensitivity of contractile apparatus to
Ca®". A reduction in [Ca®"]; is also facilitated by hyperpolarization following the opening of K
channels that subsequently inactivate the opening of VOCCs (Figure 9). Vascular endothelial cells

produce a variety of vasodilator substance i.e. NO, PGI, and endothelium-derived hyperpolarizing

factor (EDHF) (Busse ef al., 2002).

Nitric oxide

In large arteries (e.g. aorta, cerebral artery, basilar artery), NO is a major endothelial
vasodilator. In smooth muscle cells, NO generates an increase in cGMP through guanylate cyclase
(GC). Activation of cGMP-dependent protein kinase (PKG) inhibits vascular contraction via
several mechanisms. Intracellular free Ca®" is reduced by Ca®" efflux from smooth muscle cells and
uptake into the ER, causing smooth muscle relaxation (Somlyo and Somlyo, 1994). NO also
mediates vascular relaxation by inducing hyperpolarization of smooth muscle cells (Tare ef al.,
1990) through the opening of K' channels and BK., channels either directly or via second
messengers. The production of NO is inhibited by NOS inhibitors (e.g. L-NAME; N%nitro-L-

arginine methylester or L-NMNA; N°-monomethyl-L-arginine).
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Prostacyclin (PGI)

PGI, is an arachidonic acid (AA) metabolite and capable of inducing vasodilation through
the activation of PGI, receptors (Zhou et al., 2006). PGl,-induced vasodilation is dependent upon
the expression of specific PGl,-receptors on the smooth muscle (Coleman et al., 1994; Furchgott
and Zawadzki, 1980). PGI, receptors are coupled to adenylate cyclase (AC), which elevates cAMP
to activate cAMP-dependent protein kinase (PKA). PKA inhibits smooth muscle contraction by
stimulation of Ca*" pumps to increase Ca’" extrusion from the cell and uptake of Ca®" into the SR
(Bukoski et al., 1989), both mechanisms reduce free Ca®* concentration in the smooth muscle cells.
Furthermore, desensitization of the contractile apparatus to Ca** (by cAMP-kinase-mediated
phosphorylation of MLCK) also contributes to PGl,-induced vascular relaxation (Nishimura and

van Breemen, 1989) (Figure 9).
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Figure 9: Schematic diagram demonstrating regulation of vascular smooth muscle. Modified from
Rang et al. (1999). (AC = adenylate cyclase; GC = guanylate cyclase; MLCK = myosin-light-
chain kinase; cAMP = cyclic adenosine monophosphate; PKA = cAMP-dependent protein kinase;
PKG = c¢GMP-dependent protein kinase; PLC = phospholipase C; NO = nitric oxide; PGI, =
prostacyclin;, ANP = atrial natriuretic peptide; ATP = adenosine triphosphate; PDE =
phosphodiesterase).
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Endothelium-derived hyperpolarizing factor (EDHF)

EDHF is another important contributor to endothelium-dependent vasodilation in small
arteries and arterioles. The relaxant effect of EDHF has been explored after inhibition of NO and
prostaglandin synthesis (Sandow, 2004). EDHF induces relaxation by activation of K" channels on
endothelial and/or vascular smooth muscle cells causing membrane hyperpolarization (Delaey et
al., 2007). The membrane hyperpolarization inhibits the opening of VOCCs (Nelson et al., 1990)
and decreases PLC activity (Itoh et al., 1992). The relaxation induced by EDHF is blocked by

apamin from bee venom or ChTX from scorpion venom (McGuire ef al., 2001; Sandow, 2004).

4. Australasian elapid antivenoms

Antivenoms are mainstay therapeutics for the treatment of systemically envenomed
patients. In Australia, CSL Ltd (Melbourne, Victoria) is the only manufacturer of antivenoms.
Antivenoms are produced by repetitive injection of venom into animals (usually horses or sheep).
Therefore, they are polyclonal antibody mixtures with an affinity for the different antigenic
components in the venom (Isbister, 2010). Antivenoms are classified as (1) monovalent
antivenoms, which are prepared by the injection of venom from only one species of snake or (2)
Polyvalent antivenoms which are produced by the injection of different snake venoms. Monovalent
antivenoms have a low volume of specific antibodies for the snake species involved. Polyvalent
antivenoms are more cost-effective to manufacture and are a better option for snakebite patients in
order to minimize the problem of incorrect antivenom application due to diagnostic error (O'Leary
and Isbister, 2009). However, polyvalent antivenom requires a larger volume and may increase the
risk of adverse reactions (O'Leary and Isbister, 2009). Antivenom administration is necessary

when the presence of systemic envenoming (e.g. coagulation, paralysis) is observed.
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5. Purification of toxins from Australasian elapid venoms

High performance liquid chromatography (HPLC) is widely used for the purification of
snake venoms components. Both single step and multiple step processes have been successfully
employed to isolate and purify toxins, with the methodology required being dependent on the
complexity of the structure of the toxin and the quantity of closely eluting components. Where the
molecular weight of the toxin is known or can be predicted, isolation of the toxin can often be
accomplished using size-exclusion HPLC, e.g. the purification of snake pre-synaptic neurotoxins
(Blacklow et al., 2010a; Kuruppu et al., 2005b). The subunits of snake pre-synaptic neurotoxins
are often held together by non covalent interactions which dissociate under ion exchange or
reverse-phase HPLC resulting in loss or reduction of activity (Kuruppu et al., 2008).

The purification of post-synaptic neurotoxins or PLA, myotoxins can be performed with
multiple ‘runs’ under reverse phase HPLC, a purification technique based on the
hydrophobic/hydrophilic properties of the venom components (Hart et al., 2005; Kornhauser et al.,
2010). Highly predictable elution times of similar chemical compounds under reverse phase HPLC
can be obtained by using the same solvents and consistent gradient conditions (Barber ef al., 2013).

A combination of gel filtration and hydroxyapatite chromatography was used to purify
snake prothrombin activators (Rao and Kini, 2002). Hydroxyapatite chromatography is widely
used for the purification of complex compounds such as recombinant proteins or DNA fragments
(Dattolo et al., 2010). This is a complicated methodology which separates proteins based on
heterogeneous functional groups present on the crystal surface in the hydroxyapatite column

(McCue et al., 2007).

6. Project aims

The neurotoxic and cardiovascular effects following envenoming by some Australasian elapid
snakes remain significant health issues given the potentially life-threatening effects. Moreover, a

number of studies have shown that some snake PLA; enzymes also cause cytotoxicity.
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Although numerous toxins responsible for snake venom-induced neurotoxicity have been
isolated and characterized, those responsible for early cardiovascular collapse are largely unknown.
In addition, the cellular mechanisms behind these important clinical effects have not been fully
elucidated.

Therefore, the objectives of this project are to:

1. identify the pre-synaptic neurotoxins which play a significant role in the irreversible

neurotoxicity induced by death adder (Acanthophis spp.) venoms

2. investigate the myotoxic and cytotoxic activities of death adder and taipan (Oxyuranus

spp.) venoms and their isolated pre-synaptic neurotoxins

3. investigate the pathology of sudden cardiovascular collapse following taipan and brown

snake (Pseudonaja spp.) envenoming

4. determine the mechanism behind the ‘self protective’ effect of elapid venoms (i.e. how

incrementally increasing the dose of venom prevents sudden cardiovascular collapse)

This thesis will provide insight into the development of progressive neurotoxicity, cytotoxicity
and cardiovascular collapse following envenoming by Australasian elapid snakes. The cellular
mechanisms behind these effects, and the prevention of those toxicities will be investigated. The
outcomes of the study will contribute to a better understanding of the mechanism behind

significant outcomes and clinical approaches following envenoming by Australasian elapids.
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The neurotoxicity observed following death adder envenoming has been thought to be solely due to the
presence of potent post-synaptic neurotoxins. Clinically, these effects are often poorly reversed by death
adder antivenom or anticholinesterase, particularly when patients present with established paralysis.
This suggests that either the post-synaptic neurotoxins are irreversible/‘pseudo’ irreversible, or the
venom contains pre-synaptic neurotoxins that do not respond to antivenom. To support the later
hypothesis, a pre-synaptic neurotoxin (P-EPTX-Aala) has recently been isolated from the venom of
Acanthophis antarcticus. We examined Acanthophis praelongus and Acanthophis rugosus venoms for the
presence of pre-synaptic neurotoxins. P-EPTX-Apla (40,719 Da) and P-EPTX-Arla (40,879 Da) were
isolated from A. praelongus and A. rugosus venoms, respectively. P-EPTX-Ap1a and P-EPTX-Ar1a are
comprised of three different subunits, a, B1 and B2. The two toxins displayed similar levels of PLA,
activity which was almost solely attributed to the a subunit in both toxins. P-EPTX-Ap1a (20-100 nM)
and P-EPTX-Ar1a(20-100 nM) caused inhibition of indirect twitches of the skeletal muscle preparation
without affecting contractile responses to nicotinic receptor agonists. Interestingly, only the o subunit of
both toxins (300 nM) displayed neurotoxic activity. Inhibition of PLA; activity markedly reduced the
effect of the toxins on muscle twitch height. These results confirm that P-EPTX-Ap1a and P-EPTX-Ar1a
are pre-synaptic neurotoxins and represent the second and third such toxins to be isolated from death
adder venom. The presence of pre-synaptic neurotoxins in Acanthophis sp. venoms indicates that
treatment strategies for envenoming by these snakes needs to be reassessed given the likelihood of
irreversible neurotoxicity.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Papua New Guinea [2-4]. Clinical symptoms of envenoming by
Acanthophis sp. include paralysis of extra ocular muscles,

Death adders (Acanthophis genus) are found throughout
Australia, the Torres Straight Islands, Papua New Guinea, Irian
Jaya, and the Indonesian islands; Seram, Halmahera, Obi and
Tanimbar. Although belonging to the Elapidae family, they
resemble snakes of the Viperidae family in appearance and habit
[1]. They are characterized by a somewhat flattened, almost
rectangular head and thick muscular bodies ending in a thin rat-
like tail. Death adder envenomings are a rare occurrence in
Australia however these are still a significant health problem in

Abbreviations: ACh, acetylcholine; BSA, bovine serum albumin; CCh, carbachol;
MALDI-TOF, matrix-assisted laser desorption ionization time-of-fight; PLA,,
phospholipase A,; P-EPTX-Aala, P-elapitoxin-Aala; RP-HPLC, reverse-phase
high-pressure liquid chromatography.
* Corresponding author. Tel.: [N R <-~: I
|

E-mail address: (W.C. Hodgson).

0006-2952/$ - see front matter @ 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bp.2010.05.008

abdominal pain, headache, drowsiness, enlargement of regional
lymph nodes and death occurs through respiratory failure from
paralysis of the voluntary muscles [1,5]. Myotoxicity is another
important symptom of envenoming by some death adders. Two
clinical studies reported myotoxic activity following the envenom-
ings by Acanthophis sp. in Papua New Guinea and the northern
death adder (Acanthophis praelongus) [5,6]. Patients developed
renal failure and displayed elevated creatine kinase levels,
indicating rhabdomyolysis and the presence of myotoxic activity
in the venom [7].

The neurotoxicity observed following envenoming by Acantho-
phis sp. has been widely accepted to be due to the presence of post-
synaptic neurotoxins, this has been supported by the fact that the
neurotoxicity can be reversed by administration of antivenom or
anticholinesterase [8]. However, there have been reports some
envenomed patients have responded poorly to antivenom and

39



CHAPTER 2

896 J. Chaisakul et al / Biochemical Pharmacology 80 (2010) 895-902

neostigmine [9]. This suggests that either the a-neurotoxins may
not be completely reversible, or that the venom contains pre-
synaptic neurotoxins (i.e. 3-neurotoxin) which, due to their mode
of action, are unresponsive to anticholinesterase and antivenom.

Pre-synaptic neurotoxins act at the motor nerve terminal to
either facilitate (e.g. dendrotoxin) or inhibit (e.g. B-bungarotoxin,
taipoxin and paradoxin) the release of neurotransmitter resulting
in dysfunction of transmission at the neuromuscular junction [10].
Numerous pre-synaptic neurotoxins have been isolated from the
venom of the major families of venomous snakes (i.e. Crotalidae,
Elapidae and Viperidae). Australian snake (i.e. Elapids) venoms
contain PLA, enzymes, which differ in enzymatic activity and
pharmacological effects. These include textilotoxin from the
Australian brown snake (Pseudonaja textilis) which contains five
subunits [11], taipoxin, from the Australian coastal taipan
(Oxyuranus scutellatus) which contains three subunits [12] and
notexin, from the Australian tiger snake (Notechis scutatus scutatus)
which is a single chain PLA, [13].

Previously we showed that Acanthophis rugosus (Irian Jayan
death adder) and A. praelongus venoms caused time-dependent
inhibition of indirect twitches and blocked contractile response to
exogenous acetylcholine and carbachol [14]. Thus, suggesting the
presence of post-synaptic neurotoxins.

In terms of PLA, components, acanthin I and II, both potent
inhibitors of platelet aggregation have been isolated from A
antarcticus venom [15]. In addition, acanthoxin A, and A,, two PLA,
isoforms with weak neurotoxic activity, have been isolated from A.
antarcticus venom [16]. Three PLA, isoenzymes, praelongins 2blll,
2cll and 2clV, with antiplatelet activity have also been isolated
from A. praelongus venom [17]. Acanmyotoxin-1, the first death
adder PLA; myotoxin was isolated from A. rugosus [18]. Subse-
quently, acanmyotoxin-2 and acanmyotoxin-3 were isolated from
the venom of A. sp. Seram [19].

Recently, P-EPTX-Aala [20], a pre-synaptic PLA, neurotoxin
was isolated from the venom of the common death adder (A.
antarcticus). P-EPTX-Aa1a, which displayed modest PLA, activity,
inhibited nerve-evoked contractions in a skeletal muscle prepa-
ration without affecting responses to cholinergic agonists. This is
the first pre-synaptic neurotoxin isolated from a death adder
venom.

A subsequent study examining the HPLC profiles of 9 death
adder venoms including 4 geographical variants of A. antarcticus
venoms (i.e. New South Wales, Queensland, South Australia and
Western Australia) identified a high molecular weight component,
which corresponded to the elution time for P-EPTX-Aala, in seven
of the nine venoms, including A. praelongus and A. rugosus.
Interestingly, the venoms of A. wellsi and A. pyrrhus appeared to be
devoid of this component [21]. The presence of a pre-synaptic
toxin would explain the clinical outcomes of patients envenomed
by some species of death adders who do not respond adequately to
anticholinesterases or antivenom.

The aim of this study was to isolate and characterise the PLA,
pre-synaptic neurotoxins from A praelongus and A rugosus
venoms. It is important to understand the composition and
mechanism of action of these venom components so that
appropriate treatments can be administered to envenomed
patients.

2. Materials and methods
2.1. Venom preparation

Freeze-dried venoms were gifted from Venom Supplies (Venom
Supplies Pty Ltd., Tanunda, SA, Australia). Venom was dissolved in

Milli-Q water and insoluble material was removed by centrifuga-
tion at 16,000 x g at 4 °C for 8 min.

2.2. Fractionation of venom

All chromatography separations were performed using a
Shimadzu (Kyoto, Japan) high-performance liquid chromatogra-
phy system (LC-10ATvp pump and SPD-10AVP detector).

2.2.1. Size exclusion chromatography

Venom (3 mg) was applied to a Superdex G-75 column (13 pm;
10mm x 300 mm; GE Healthcare, Buckinghamshire, UK) equili-
brated with ammonium acetate buffer (0.1 M; pH 6.8). The sample
was eluted at a flow rate of 0.6 ml/min. The eluant was monitored
at 280 nm. The fractions were collected and freeze-died prior to
being screened for neurotoxicity as per Section 2.3.

2.2.2. Reverse phase-high performance liquid chromatography

The active freeze-dried, purified component (40 .g) obtained
as described in Section 2.2.1 was reconstituted in Milli-Q water and
applied to a Phenomenex (Torrance, CA, USA) Jupiter analytical C18
column (150 mm x 2mm; 5 wm; 300 A) after equilibrating with
solvent A (0.1% trifluoroacetic acid (TFA)). The sample was eluted
with the following gradient conditions of solvent B (90%
acetonitrile in 0.09% TFA): 0-20% for 0-5 min (4% gradient), 20-
60% for 5-45 min (1% gradient), and then 60-80% for 45-50 min
(4% gradient) at a flow rate of 0.2ml/min. The eluant was
monitored at 280 and 214 nm and freeze-dried.

2.3. Chick biventer cervicis nerve-muscle preparation

Chickens (4-10 day old males) were sacrificed by CO»
asphyxiation and biventer cervicis nerve-muscle preparations
were dissected. These were mounted in 5ml organ baths
containing physiological salt solution (118.4mM NaCl, 4.7 mM
KCl, 1.2mM MgSOs, 1.2mM KHyPO4 2.5mM CaCl,, 25 mM
NaHCO; and 11.1 mM glucose). The solution was maintained at
34 °C and bubbled with carbogen (95% 02 and 5% CO.) under 1g
resting tension.

Motor nerves within the biventer were stimulated every 10 s
(0.2 ms duration) at supramaximal voltage using a Grass S88
stimulator. d-Tubocurarine (10 uM) was added and the subse-
quent abolition of twitches confirmed the selective stimulation of
nerves. Responses to nerve stimulation were re-established by
thorough washing. Contractile responses to acetylcholine (ACh;
1 mM for 30s), carbachol (CCh; 20 uM for 60s) and potassium
chloride (KCl; 40 mM for 30 s) were obtained in the absence of
stimulation. The preparations were then equilibrated for at least
30 min with continuous nerve stimulation (as described above)
before the addition of toxin. In all experiments, toxin (20-100 nM),
subunits (300 nM) or venom (10 pg/ml) was left in contact with
the preparation until responses to nerve stimulation were
abolished or for a maximum of 4 h if total twitch blockade did
not occur. In separate experiments, MgCl, (5 mM) was added to
suppress twitch contraction to approximately 30% for at least
30 min prior to the addition of toxin (100 nM). At the conclusion of
the experiment, responses were measured via a Grass force
displacement transducer (FT03) and recorded on a MacLab System.

Given the ‘all or nothing’ nature of the failure of neurotrans-
mission which occurs in the skeletal muscle preparation in the
presence of snake venoms/toxins, the time taken to reduce the
amplitude of the indirect twitches by 90% (tso) was calculated to
provide a quantitative measure (i.e. potency) of the neurotoxins
[22]. This parameter enables comparison of the potency of
previously published post- and pre-synaptic neurotoxins
[22,23]. Where indicated, the PLA, activity of the toxin was
inhibited by alkylation with 4-bromophenacylbromide (4-BPB).
Toxin (20 nM), made up in sodium cacodylate-HCI buffer (0.1 M;
pH 6.0), and 4-BPB, made up in acetone, were added to produce a
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final concentration of 1.8 mM. The mixture was incubated for 16 h
at 30°C and examined for neurotoxic activity as above.

2.4. Molecular mass determination of P-EPTX-Ap1a and P-EPTX-Arla

The molecular mass of the complex was determined by gel
filtration on a Superdex G-75 column equilibrated with ammoni-
um acetate buffer (0.1 M; pH 6.8). The column was calibrated with
the series of known standard (6500-66,000 Da) using the
molecular weight marker kit for gel filtration chromatography
(MW-GF-70; Sigma-Aldrich, St. Louis, MO, USA). The eluant was
monitored at 280 nM, and a flow rate of 0.6 ml/min was used. Void
volume (V,) of the column was determined by running blue
dextran, and the elution volume (V,) was calculated for each
molecular weight marker before injecting the purified component
(0.5 mg). The molecular weight of the toxin was determined from a
plot of log (mol. wt.) versus V.|V, ratio.

2.5. Mass spectrometry

MALDI-TOF MS analysis was performed using an Applied
Biosystem (Foster City, CA, USA) 4700 ToF ToF Proteomics
Analyser. The instrument was operated in positive polarity in
linear mode using sinapinic acid matrix (Agilent Technologies;
Palo Alto, CA, USA) for low-resolution protein analysis. Matrix
(1 1) was spotted on the sample plate and allowed to air-dry;
sample (1 pl) diluted in acetonitrile/water (1:1) containing 0.1%
(v/v) formic acid was subsequently spotted on dried matrix and
allowed to air-dry. Data from 500 laser shots (337-nm nitrogen
laser) were collected, and the signal was averaged and processed
with the instrument manufacturer’s 4000 series Data Explorer
software.

2.6. Determination of PLA, activity

PLA, activity of the toxin and toxin subunits was determined
using a secretory PLA; colourmetric assay kit (Cayman Chemical;
MI, USA) according to manufacturer’s instructions. This assay uses
the 1,2-dithio analog of diheptanoyl phosphatidylcholine, which
serves as a substrate for PLA, enzymes. Free thiols generated
following the hydrolysis of the thio ester bond at the sn-2 position
by PLA, are detected using DTNB (5,5'-dithio-bis-(2-nitrobenzoic
acid)). Colour changes were monitored at 405nm in a fusion a
microplate reader (PerkinElmer; MA, USA), sampling every minute
for a 5 min period. PLA; activity was expressed as micromoles of
phosphatidylcholine hydrolyzed per minute per milligram of
enzyme. For some samples, the PLA; activity of venom was
inhibited by alkylation with 4-BPB (as above).

2.7. Chemical and drugs

The following drugs were used: ACh, BSA, CCh, d-tubocurarine,
4-BPB, ammonium acetate, acetone and cacodylic acid (Sigma
Chemical Co., MO, USA); KCl, NaCl, NaHCO; and glucose (Ajax
Finechem, New South Wales, Australia); TFA (Auspep, Victoria,
Australia); acetonitrile, KH,PO, and CaCl, (Merck, Darmstadt,
Germany).

2.8. Analysis of results and statistics

Statistical analysis was performed using the Prism 5.0 software
package (GraphPad Software; San Diego, CA, USA). Twitch height
and contractile responses to agonists were expressed as a
percentage of the corresponding value prior to the administration
of toxins. For twitch height, statistical difference was determined
by a one-way analysis of variance (ANOVA) of the change in twitch

height at the 240 min time point followed by Tukey's multiple
comparison test. Statistical significance was indicated

when P < 0.05.

3. Result

3.1. Isolation and purification of pre-synaptic neurotoxins from
A. praelongus and A. rugosus venoms

A. praelongus and A. rugosus venoms were fractionated by size
exclusion chromatography on a Superdex G-75 column. The
venom profile, of both species, indicated six to seven major peaks
which were individually collected (Fig. 1a and b). Screening in the
chick biventer cervicis nerve-muscle preparation confirmed pre-
synaptic neurotoxic activity in the first peak of each venom which
was subsequently named: P-EPTX-Apla (A. praelongus) and P-
EPTX-Arla (A. rugosus) based on the suggested nomenclature of
King et al. [24]. The samples were freeze-dried and then
reconstituted in Milli-Q water. To verify the purity and determine
the homogeneity and location of the isolated toxins, P-EPTX-Apla
and P-EPTX-Ar1a were re-administered under the same conditions
on the Superdex G-75 column (Fig. 1c and d). P-EPTX-Ap1a (8.97%
of whole venom) and P-EPTX-Ar1a (7.25% of whole venom) eluted
as clean peaks with retention time of 17.98 and 17.97 min
(Table 1), respectively.

3.2. Separation of toxin subunits using reverse phase-high
performance liquid chromatography

P-EPTX-Ap1la and P-EPTX-Ar1a were broken up into individual
subunit using RP-HPLC on a Phenomenex Jupiter analytical
column. Each toxin produced three peaks that eluded at different
retention times. These components were collected for molecular
weight determination by MALDI-TOF (see below) and analysis of
PLA; activity (Fig. 1e and f). The subunits were designated as , 31
and B2 based on their PLA, activity and neurotoxic effects
(Table 1).

3.3. Molecular mass determination

3.3.1. Size exclusion chromatography in nondenaturing media

The molecular mass of P-EPTX-Apla and P-EPTX-Arla was
determined by size exclusion chromatography on a Superdex G-75
column calibrated with the following protein standards: BSA
(66,000 Da), carbonic anhydrase (29,000Da), cytochrome c
(12,400 Da), and aprotinin (6500 Da). The V, of the column was
determined as 8.17 ml using blue dextran (2,000,000 Da) and the
V. of P-EPTX-Apla and P-EPTX-Arla were each calculated as

Table 1
PLA; activity, retention times of isolated fractions/toxin subunits and molecular
weights from MALDI-TOF.

Toxin/subunit PLA; activity Retention Molecular
(emol/min/mg) time (min) weight (Da)

P-EPTX-Apla 101.7+99 17.98* 40,719
B1-P-EPTX-Apla 95+0.6 20.93° 13,449
a-P-EPTX-Apla 22044192 30.76" 13,804
B2-P-EPTX-Apla 6.7+1.1 339" 13,466
P-EPTX-Apla +4-BPB 25+03" N/A N/A
P-EPTX-Arla 1152+4.1 1797* 40,879
B1-P-EPTX-Arla 26405 21.24° 13475
B2-P-EPTX-Ar1a 321412 2423" 13,592
a-P-EPTX-Arla 1743+143 31.08° 13812
P-EPTX-Ar1a+4-BPB 131+157 N/A N/A

* Data from size exdusion HPLC.

b Data from reverse phase HPLC.

™ P <0.05, significantly different compared with P-EPTX-Ap1a and P-EPTX-Arla
in the absence of 4-BPB, one-way ANOVA.
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Fig. 1. Size exdusion chromatograph of (a) A praelongus venom and (b) A. rugosus, (c) P-EPTX-Ap1a and (d) P-EPTX-Ar1a run on a Superdex G-75 column equilibrated with
ammonium acetate (0.1 M; pH 6.8) at a flow rate of 0.6 ml/min. RP-HPLC chromatograph of (e) P-EPTX-Ap1a and (f) P-EPTX-Ar1a run on a Jupiter analytical C18 column
equilibrated with solvent A (0.1% TFA) and eluted with the following gradient of solvent B (90% acetonitrile in 0.09% TFA) and solvent A: 0-20% for 0-5 min, 20-60% for 5~

45 min and 60-80% for 45-50 min. Flow rate of 0.2 ml/min.

10.9 ml. The molecular mass of both toxins was determined froma
plot of log mol. wt. versus corresponding V,/V, ratio (of the protein
standards described above) to be approximately 41,000 Da (Fig. 2).

3.3.2. Mass spectrometry

The individual subunits of P-EPTX-Ap1a obtained in Section 3.2
were found to be of the following molecular mass by MALDI-TOF
analysis: 13,449 Da (f3,), 13,804 Da («) and 13,466 Da (3,), while
the subunits of P-EPTX-Ar1a were 13,475 Da (31), 13,592 Da ($32)
and 13,812 Da () (Table 1). The sum of the molecular masses of
subunits resulted in a mass of 40,719 and 40,879 Da for P-EPTX-
Apla and P-EPTX-Ar1a, respectively.

3.4. Chick biventer cervicis nerve-muscle preparation
3.4.1. Whole venom studies

Both A. rugosus and A. praelongus venoms (10 pg/ml; n=5)
abolished indirect twitches of the chick biventer cervicis nerve-

muscle preparation (Fig. 3). The time taken to cause 90% inhibition
(i.e. too values) was significantly less for the venom of A. rugosus
(Table 2). Both venoms (10 p.g/ml) abolished contractile responses
to exogenous ACh (1 mM)and CCh (20 pM), but had no significant
effect onresponses to KCI (40 mM) (Fig. 3). Vehicle had no significant
inhibitory effect on twitches or on the contractile responses to
exogenous agonists (n =5; one-way ANOVA, P < 0.05).

3.4.2. Isolated toxin studies

P-EPTX-Arla (20 and 100nM) caused significant concentra-
tion-dependent decreases in twitch height compared to vehicle
(n=5-6; one-way ANOVA, P < 0.05; Fig. 4b). In contrast, P-EPTX-
Apla(20and 100 nM, n = 5) did not display a significant difference
in the level of inhibition produced by the concentrations tested
(n=5; one-way ANOVA, P < 0.05; Fig. 4a). The time taken by P-
EPTX-Apla (20 and 100 nM) to produce 90% inhibition of twitch
height (i.e. tgo) was significantly shorter compared to P-EPTX-Arla
at 20 nM (Table 2). Neither toxin had a significant inhibitory effect
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BSA Table 2
5 Carbonic Time to 90% inhibition (tgo) of twitch height as an indication of venom/toxin
anhydrase potency.
Lgo (min)
A praelongus venom (10 pg/ml) 275+19°
Cytochrome C . P-EPTX-Ap1a (20nM) 9649.8"
E Aprotinin P-EPTX-Ap1a (100nM) 795+80"
o 4 P-EPTX-Ap1a (20nM) with 4-BPB 5240
3 P-EPTX-Ap1a (20 nM) with vehicle 100+ 134
P-EPTX-Ap1a (100 nM) with Mg?* 705+19
A rugosus venom (10 pg/ml) 124 +09
P-EPTX-Ar1a (20nM) 1324236
P-EPTX-Arla (100nM) 796 +63"
3 . : . Y P-EPTX-Ar1a (20nM) with 4-BPB 240
P-EPTX-Ar1a (20nM) with vehicle 11854143
10 ki e 138 A P-EPTX-Arla (100nM) with Mg?* 69.5+102

VelVo

Fig. 2. Plot of log molecular weight versus V,/V, of a series of molecular weight
standards run on a Superdex G 75 column equilibrated with ammonium acetate
(0.1 M; pH 6.8) at a flow rate of 0.6 ml/min. V, of the column was 8.17 ml. Cross
indicates P-EPTX-Ap1a and P-EPTX-Arla.

on the tissue response to ACh, CCh, or KCl, indicating an action at
the pre-synaptic nerve terminal (Fig. 4c).

The addition of Mg?* (5mM) to the physiological solution
unmasked a triphasic effect of the toxins (100 nM) on twitch
height. This was characterized by a transient inhibitory phase,
followed by a transient facilitatory phase, prior to complete
inhibition (Fig. 5).

The prior incubation of 4-BPB with either P-EPTX-Ar1a (20 nM)
or P-EPTX-Apla (20nM) prevented the complete inhibition of
indirect twitches over the period of 4 h with 53 + 12 and 30 + 9%
reduction in twitch response, respectively (Fig. 6). Both modified
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Fig.3. Effect of A praelongus (10 pg/ml; n = 5),A rugosus venom (10 pg/ml; n=5) or
vehicle (n=5) on (a) nerve-mediated twitches or (b) contractile responses to
exogenous ACh, CCh and KCl in the chick isolated biventer cervicis nerve-muscle
preparation. 'P < 0.05, significantly different from A rugosus venom 10 p.g/ml, one-
way ANOVA. P < 0.05, significantly different from vehicle, one-way ANOVA.

Values are mean +s.e.m., n=4-6.
'_ P<0.05 compared to A rugosus venom (10 p.g/ml).
P<0.05 compared to P-EPTX-Ar1a (20nM).
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Fig. 4. Theeffect of (a) P-EPTX-Ap1a (20 and 100 nM, n = 5),(b) P-EPTX-Ar1a (20 and
100 nM, n = 6), or vehicle (n =5) on nerve-mediated twitches in the chick isolated
biventer cervicis nerve-muscle preparation. (c) Effect of P-EPTX-Ap1a (100 nM,
n=5), P-EPTX-Ar1a (100 nM, n=6) or vehicle (n=5) on contractile responses to
exogenous ACh, CCh and KCl in the chick isolated biventer cervicis nerve-muscle
preparation. P <0.05, significantly different compared with toxin in the
concentration of 20 nM, one-way ANOVA.
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Fig. 6. The effect of P-EPTX-Ap1a or P-EPTX-Ar1a in the presence of 4-BPB (1.8 nM,
n =6)or vehicle (n=5) on (a) nerve-mediated twitches or (b) contractile responses
to exogenous ACh, CCh and KCl in the chickisolated biventer cervicis nerve-muscle
preparation. P < 0.05, significantly different from corresponding toxin in the
presence of 4-BPB, one-way ANOVA.

toxins did not affect the contractile responses to exogenous nicotinic
receptor agonists.

3.4.3. Subunits of P-EPTX-Arla or P-EPTX-Apla

The B; and B2 subunits (300 nM) of P-EPTX-Ar1a or P-EPTX-
Apla had no significant inhibition on indirect twitches of chick
biventer cervicis nerve-muscle preparation. However, the o
subunits (300 nM) from both toxins significant inhibited twitch
height compared with vehicle (Fig. 7).

3.5. Phospholipase A activity

PLA; activity was detected in both P-EPTX-Arla and P-EPTX-
Apla (n=4). The positive control, bee venom showed a specific

(@) -O- p-P-EPTX-Arla
O prP-EPTX-Arla
o A «-P-EPTX-Arla
E=
o < vehicle
o=
£E
£
s% %
TR
e
0 T T T T
0 60 120 180 240
Time (min)

(b)

100 -8 f3,-P-EPTX-Apla
‘:-' = & p,-P-EPTX-Apla
%5 -k «-P-EPTX-Apla
fE 50 - vehicle
66
5= i
2<

0+ T T T T
0 60 120 180 240
Time (min)

Fig. 7. Effect of o, B1 and B2 subunits of (a) P-EPTX-Ar1a or (b) P-EPTX-Apla
(300nM, n=3-4) on nerve-mediated twitches. P < 0.05, significantly different
from vehicle, one-way ANOVA.

activity of 309.8 + 12.1 pmol/min/mg (n=4). 4-BPB significantly
inhibited the PLA, activity of P-EPTX-Ar1a and P-EPTX-Apla (n=4).
The a-subunit seems to be the only subunit with a significant level of
activity in both toxins (Table 1).

4. Discussion

Whilst death adder neurotoxicity has been thought to be
primarily due to the presence of reversible, competitive post-
synaptic neurotoxins, clinical reports have indicated cases that
responded poorly to treatment with antivenom and/or neostig-
mine [9]. This is surprising as it would be expected that, given their
mode of action, these toxins would respond to this treatment
protocol. However, a recent study has reported the characterisa-
tion and isolation of a pre-synaptic neurotoxin (ie. P-EPTX-Aala)
from the venom of the common death adder (A. antarticus) [20], a
class of toxins that was previously thought to be absent from this
genus. In addition, a recent study has indicated the likely presence
of pre-synaptic neurotoxins in a number of species of death adder
[21]. In the present study, we report the isolation and characteri-
sation of pre-synaptic PLA; neurotoxins from the venoms of
A. praelongus and A. rugosus.

Size exclusion chromatography, determined the molecular
mass of P-EPTX-Apla and P-EPTX-Arla to be 41 kDa. This value
corresponded well with the combined molecular masses of three
subunits isolated from RP-HPLC determined by MALDI-TOF (i.e.
40,719 Da for P-EPTX-Apla and 40,879 Da for P-EPTX-Arla,
respectively). In addition, the toxins display a similar molecular
weight to that of P-EPTX-Aala, a heterotrimeric complex of
44,698 Da composed of three subunits, recently isolated from the
venom of the common death adder [20]. It is well documented that
elapid snake venom PLA, components usually have a molecular
mass in the range of 12-14 kDa [17]. This was supported by
MALDI-TOF analysis of the individual subunits for P-EPTX-Apla
and P-EPTX-Arla which showed a range of mass from 13,449~
13,812 Da. MALDI-TOF spectra did not indicate any areas of
heterogenous glycosylation to aid identification of the y subunit of
both toxins. Thus, we labeled the two subunits with low PLA,
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activity as 31 and 32 subunit, respectively. The similar molecular
mass of the « subunit of P-EPTX-Apla and P-EPTX-Arla is
consistent with snake venom pre-synaptic PLA, neurotoxin
components isolated from A. antarcticus [20] and O. scutellatus
canni venoms [25].

Many elapid venom PLA, components are pre-synaptically
neurotoxic [26]. Hence, P-EPTX-Apla and P-EPTX-Arla were
examined for in vitro neurotoxicity using a skeletal muscle
preparation. Both toxins inhibited indirect twitches but did not
inhibit the contractile responses to exogenous ACh, CCh or KCI. This
pharmacological profile indicates a pre-synaptic mode of action.
Under conditions of reduced safety margin for neurotransmitter
release, the reduction of indirect twitches by P-EPTX-Ap1la and P-
EPTX-Arla was triphasic, characterized by aninitial decrease and a
transient increase followed by the complete inhibition of twitches.
This triphasic effect is commonly observed with many other pre-
synaptic neurotoxins, taipoxin, notexin, and 3-bungarotoxin [27].
The initial two phases seem to be independent of PLA, activity [28],
and are particularly evident when the safety factor of transmission
is lowered by reducing the Ca®* or increasing the Mg?* content of
the bathing medium [29].

P-EPTX-Ap1la, P-EPTX-Arla and their subunits were exam-
ined for PLA; activity. Studies from our laboratory have shown
that the venom of A. praelongus possesses higher PLA, activity
than that of A. rugosus [30]. In the current study, there was no
significant difference between the PLA, activity of P-EPTX-Arla
and P-EPTX-Apla indicating the difference observed between
the whole venoms is likely to be due to the presence of other
PLA; components. To test whether the PLA; activity of P-EPTX-
Ap1la and P-EPTX-Ar1a was essential for their neurotoxic effects,
we subjected the toxins to 4-BPB modification. Previous studies
have shown that PLA, activity can be inhibited by selective
alkylation of the His-48 residue using 4-BPB [31,32]. The
complete block of indirect twitches of the chick preparation
was significantly attenuated when P-EPTX-Apla and P-EPTX-
Arla were incubated with 4-BPB prior to addition. However, a
partial decrease in twitch height was observed for both
alkylated toxins. This finding is in agreement with previous
studies which have shown that chemical inactivation of the PLA,
active site by 4-BPB inhibits the effects of pre-synaptic
neurotoxins such as P-EPTX-Aala [20], taipoxin [33], B-
bungarotoxin [29,32] and cannitoxin [25].

Pre-synaptic neurotoxins with PLA; activity can be classified
based on their structures as being single, diametric, or multichain
complexes [34]. Multichain neurotoxins consist of several different
polypeptide chains held together by noncovalent interactions,
with at least one of the subunits having toxic activity on its own
[34]. Previous studies have shown that the activity of the toxic
subunit is far less than the activity of native toxin [35]. Therefore,
the subunits of P-EPTX-Ap1a and P-EPTX-Ar1a were examined for
PLA; activity and neurotoxicity. The current study clearly showed
that the a-subunit of both toxins were the only components to
display marked activity as well as the lack of PLA, activity and
neurotoxicity in the B1 and 2 subunits supporting previous
studies of P-EPTX-Aala [20] and cannitoxin [25].

In conclusion, P-EPTX-Ap1a and P-EPTX-Ar1a are the first pre-
synaptic PLA, neurotoxin complexes to be characterized from A.
praelongus and A. rugosus venom, respectively, and the second and
third pre-synaptic neurotoxins isolated from Acanthophis spp.
venoms. Both toxins caused in vitro neurotoxicity in a skeletal
muscle preparation which was markedly reduced by 4-BPB
indicating that PLA, activity is essential for their neurotoxicity.
Given the results of this study clinicians may need to be mindful of
persistent neurotoxicity following death adder envenoming, Early
intervention with antivenom may be important in severe death
adder neurotoxicity.
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CHAPTER 2

1. Introduction

The present study raised interesting questions regarding the effectiveness of antivenom and
increasing the frequency of electrical stimulation on the neurotoxicity induced by pre-synaptic
neurotoxins. Therefore, addition experiments were carried out. This section includes additional

work not included in the manuscript published in Biochemical Pharmacology.

2. Materials and Methods (continued)
2.1 Reverse-phase-HPLC

As per manuscript.

2.2 Mass spectrometry

As per manuscript.

2.3 Chick Biventer Cervicis Nerve-Muscle Preparation (continued)

In additional experiments, death adder antivenom (5 U/ml) was added 10 min prior to the
addition of P-EPTX-Apla or P-EPTX-Arla. CSL death adder antivenom was left in contact with
the tissue for 3 h.

In a separate experiment, twitches were evoked by stimulating the motor nerve at 1 Hz, 0.2 ms

duration and a voltage greater than that required to evoke a maximal twitch.

2.4 Drug

Death adder antivenom (CSL Ltd., Melbourne, Australia) was used.

2.5 Analysis of result and statistics

The statistical significance of the effect of toxin was determined by a one-way ANOVA on the
twitch height at the indicated time point. All ANOVAs were followed by a Tukey’s multiple
comparison test. A Student’s unpaired #-test was used to compare the effect of treatment on

different tissues. Statistical significance was indicated when P < 0.05.

47



CHAPTER 2

3. Results
3.1 The presence of gamma subunit of isolated pre-synaptic neurotoxins

Under RP-HPLC, P-EPTX-Apla (100 pg) eluted as 4 peaks (Figure 1). Each subunit was
collected individually for molecular mass determination using MALDI-TOF analysis. The subunits
of P-EPTX-Apla were found to be of the following molecular masses: 13,406 Da (1), 13,977 Da
(a), 17,339 Da (y) and 10,414 Da (B2) (Figures 2 a-d). The sum of the molecular masses of a, vy, f1
or B2 subunits resulted in mass of 43,226 Da. P-EPTX-Arla (100 ug) also eluted as 4 peaks. Data

regarding the molecular masses of P-EPTX-Ar1a subunits are described as per Chapter 3.
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Figure 1: RP-HPLC chromatograph of P-EPTX-Apla on a Phenomenex (Torrance, CA, USA)
Jupiter analytical C18 column (150 mm x 2 mm; 5 um; 300 A), equilibrated with solvent A [0.1%
TFA]. The samples were eluted with the following gradient conditions of solvent B [90% ACN in
0.09% TFA]: 0-20% over 5 min, 20-60% for 5-40 min and then 60-80% for 40-45 min at a flow
rate of 0.2 ml/min.
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Figure 2: MALDI-TOF mass spectrometry showing nominal masses of P-EPTX-Apla (a) f,-
subunit, (b) a-subunits (c) y-subunits and (d) f,-subunit.
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3.2 The inhibitory effect of death adder antivenom on P-EPTX-Arla and P-EPTX-Apla
The inhibition of twitch height induced by P-EPTX-Arla (100 nM) or P-EPTX-Apla (100
nM) was markedly attenuated by the prior addition of CSL death adder antivenom (5 units/ml,

Figure 3) (P < 0.05, one-way ANOVA, n = 4-5).

Twitch height
(% of initial)

0 . .
0 60 120 180

Time (min)

240

-8~ Death adder antivenom (DAAV) 5 units/ml

-0~ P-EPTX-Ap1a+DAAV 5 units/ml - P-EPTX-Ar1a+DAAV 5 units/ml

g PEPTX-Arla P-EPTX-Ap1a

Figure 3: The effect of P-EPTX-Apla (100 nM) or P-EPTX-Arla (100 nM) on twitch height of the
CBCNM preparation in the presence or absence of CSL death adder antivenom (5 units/ml),
*P < 0.05, one-way ANOVA compared to P-EPTX-Apla or P-EPTX-Arla in the absence of death
adder antivenom (n = 4-5).
3.3 Effect of 1 Hz indirect stimulation on twitches in the presence of isolated pre-synaptic
neurotoxins

Time to 90% inhibition (t99) was significantly (P < 0.05, one-way ANOVA, n = 4)

decreased by increasing the stimulation frequency from 0.2 Hz to 1 Hz (Figures 4a and b) in the

presence of P-EPTX-Apla (100 nM, 53 + 5 min) or P-EPTX-Arla (100 nM, 43 + 8 min).
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4. Discussion (continued)

30 60 90 120
Time (min)

Figure 4: The effect indirect stimulation at 1 Hz on the CBCNM preparation in the presence of (a)
P-EPTX-Apla (100 nM) or (b) P-EPTX-Arla (100 nM). * P < 0.05, Student’s unpaired t-test,
compared with indirect stimulation at 0.2 Hz (n = 4).

Further discussion concerning the additional data is included in the General Discussion (Chapter
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Abstract: Pre-synaptic PLA, neurotoxins are important components of many Australasian elapid snake venoms. These toxins dis-
rupt neurotransmitter release. Taipoxin, a pre-synaptic neurotoxin isolated from the venom of the coastal taipan (Oxyuranus scu-
tellatus), causes necrosis and muscle degeneration. The present study examined the myotoxic and cytotoxic activities of venoms
from the Papuan taipan (O. scutellatus) and Irian Jayan death adder (Acanthophis rugosus), and also tested their pre-synaptic
neurotoxins: cannitoxin and P-EPTX-Arla. Based on size-exclusion chromatography analysis, cannitoxin represents 16% of
O. scutellatus venom, while P-EPTX-Arla represents 6% of A. rugosus venom. In the chick biventer cervicis nerve-muscle prep-
aration, A. rugosus venom displayed significantly higher myotoxic activity than O. scutellatus venom as indicated by inhibition
of direct twitches, and an increase in baseline tension. Both cannitoxin and P-EPTX-Arla displayed marked myotoxic activity.
A. rugosus venom (50-300 pg/ml) produced concentration-dependent inhibition of cell proliferation in a rat skeletal muscle cell
line (L6), while 300 pg/ml of O. scutellatus venom was required to inhibit cell proliferation, following 24-hr incubation.
P-EPTX-Arla had greater cytotoxicity than cannitoxin, inhibiting cell proliferation after 24-hr incubation in L6 cells. Lactate
dehydrogenase levels were increased after 1-hr incubation with A. rugosus venom (100-250 pg/ml), O. scutellatus venom (200—
250 pg/ml) and P-EPTX-Arla (1-2 pM), but not cannitoxin (1-2 pM), suggesting venoms/toxin generated cell necrosis. Thus,
A. rugosus and O. scutellatus venoms possess different myotoxic and cytotoxic activities. The proportion of pre-synaptic neuro-

toxin in the venoms and PLA; activity of the whole venoms are unlikely to be responsible for these activities.

While snake envenoming is an infrequent occurrence in Aus-
tralia, it remains an important cause of morbidity and mortality
in Papua New Guinea and Irian Jaya [1,2]. Myotoxicity is a
critical outcome of systemic toxicity produced by many Aus-
tralasian elapids, including rarely with death adders (genus
Acanthophis) and taipans (genus Oxyuranus). It has been sug-
gested that phospholipase A (PLA) is the major venom com-
ponent responsible for myotoxicity [3-5]. Indeed, many snake
venoms and isolated PLA, toxins display myotoxicity and
cytotoxicity (e.g. Lys49 phospholipase A, of Bothrops asper
snake venom) [6-10] which induce membrane disruption and
Ca™ influx.

Although the Papuan taipan has been regarded as a separate
subspecies to the Australian populations, recent taxonomic
studies have indicated no significant differentiation between
the two populations [11,12]. The clinical features of systemic
taipan envenoming include venom-induced consumption coag-
ulopathy, renal toxicity, cardiac disturbances and a descending
neuromuscular paralysis [13-15]. The venom of the Australian
coastal taipan has myotoxic activity causing necrosis and
degeneration of mammalian muscle [16]. In contrast, Papuan
taipan venom failed to inhibit direct muscle stimulation of the
chick biventer cervicis nerve-muscle preparation (CBCNM)

Author for comespondence: Wayne C. Hodgson, Monash Venom
Group, Department of Pharmacology, Monash University, Clayton,

[17], despite myotoxicity with elevated creatine kinase being
reported after Papuan taipan envenoming [18].

Death adder (Acanthophis spp.) venoms were thought to be
devoid of myotoxic activity [19,20] prior to a clinical report
of myotoxicity following death adder envenoming in Papua
New Guinea. One patient developed renal failure and signifi-
cantly elevated creatine kinase levels [21]. This report resulted
in our previous examination of a range of death adder venoms
for myotoxic activity with A. laevis (previously known as
A. sp. Seram), A. praelongus, A. rugosus and A. wellsi all dis-
playing in vitro myotoxicity [22]. Subsequently, myotoxins
were isolated from A. rugosus (Irian Jayan death adder) [23]
and A. laevis [24] venoms. Death adder venoms also displayed
weak cytotoxic effects on skeletal muscle (L6) and aortic
smooth muscle (A7rS) cell lines [25]. In addition, there has
been a recent report of myotoxicity following confirmed en-
venoming by the northern death adder (A. praelongus) [26].

Pre-synaptic PLA, neurotoxins are key components of many
elapid venoms and cause neuromuscular blockade by inhibiting
transmitter release at the motor nerve terminal [27]. Some pre-
synaptic PLA, neurotoxins (e.g. taipoxin [16], notexin and not-
echis 11 [28,29]) also display marked myotoxic activity. The
alpha and gamma subunits of taipoxin induced cytotoxic
effects in a rat adrenal pheochromocytoma (PC12) cell line,
while the beta subunits were found to have mitogenic activity

Vic, Australia (fax e-mail [ [30]. Crotoxin, a pre-synaptic neurotoxin and myotoxic PLA,
from Crotalus durissus terrificus, induced plasma membrane
© 2013 The Authors
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disruption and depolarization [31]. We have previously isolated
pre-synaptic PLA, neurotoxins from Papuan taipan (O. scutell-
atus; cannitoxin [32]) and Irian Jayan death adder (A. rugosus;
P-EPTX-Arla [33]) venoms. However, the myotoxic and cyto-
toxic activities of these toxins have not been studied. There-
fore, the aim of this study was to investigate the myotoxic and
cytotoxic activities of pre-synaptic neurotoxins isolated from
Papuan taipan and Irian Jayan death adder venoms as well as
the possible contributing factors to myotoxic and cytotoxic
activities. This work will provide insight into the mechanism
behind the myotoxic activities of both the venoms.

Materials and Methods

Venom preparation and storage. Oxyuranus scutellatus (Merauke,
Irian Jaya, Indonesia) and A. rugosus (Merauke, Irian Jaya, Indonesia)
venoms were purchased from Venom Supplies (Tanunda, South
Australia). Aliquots of freeze-dried venoms were reconstituted in
distilled water. Stock solutions were filter-sterilized using a 0.22-um
membrane, and the protein content was determined via a BCA Protein
Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA), as per the
manufacturer’s instructions. Briefly, venoms/toxins (25 pl) were added
in triplicate to a 96-well micro-titre plate. Bovine serum albumin
(BSA) solutions, diluted from 0.025 to 1 mg/ml, were used as
reference standard and distilled water was used as the blank.
Absorbance was measured at 562 nm using a fusion o microplate
reader (Perkin-Elmer, Waltham, MA, USA). Venom stock solutions
were stored at 4°C until required.

Chromatography. All chromatography separations were performed
using a Shimadzu (Kyoto, Japan) high-perffomance liquid
chromatography system (LC-10ATvp pump and SPD-10AVP detector).

Size-exclusion ~ chromatography. To isolate the pre-synaptic
neurotoxins, size-exclusion chromatography was performed using fast
protein liquid chromatography (FPLC). Venom (3 mg) was applied to a
Superdex G-75 column (13 pm; 10 x 300 mm; GE Healthcare,
Buckinghamshire, UK) equilibrated with ammonium acetate buffer
(0.1 M; pH 6.8). The sample was eluted at a flow rate of 0.5 ml/min.
The sample was monitored at 280 nm. The fractions were collected and
pooled, frozen at —80°C and then freeze-dried to remove the solvent.
The neurotoxic activity of pre-synaptic neurotoxins was confirmed
using the CBCNM preparation as per our previous study [33].

RP-HPLC. Venom profiles for O. scutellatus (Papuan species) and
A. rugosus venoms were obtained using RP-HPLC (reverse-phase-
high-performance liquid chromatography). In addition, the pre-synaptic
neurotoxins obtained from size-exclusion FPLC, as described
previously, were dissociated into their subunits via RP-HPLC for
further determination. Samples (100 pg) were reconstituted in Milli-Q
water and applied to a Phenomenex (Tomance, CA, USA) Jupiter
analytical CI8 column (150 mm x 2 mm; 5 pm; 300 A) after
equilibrating with solvent A [0.1% trifluoroacetic acid (TFA)]. The
sample was eluted with the following gradient conditions of solvent B
[90% acetonitrile (ACN) in 0.09% TFA]: 0-20% over 5 min., 20—
60% for 540 min. and then 60-80% for 40-45 min. at a flow rate of
0.2 ml/min. The eluent was monitored at 214 nm.

Mass spectrometry. MALDI-TOF mass spectrometry analysis was
performed using an Applied Biosystems (Foster City, CA, USA) 4700
TOF TOF Proteomics Analyser [33]. The instrument was operated in
positive polarity in linear mode using o-cyano-4-hydroxycinnamic
acid (CHCA) matrix (Agilent Technologies, Palo Alto, CA, USA) for

low-resolution protein analysis. Matrix (0.5 pl) was spotted on the
sample plate and allowed to air-dry; sample (0.5 pl) diluted in ACN/
water (1:1) containing 0.1% (v/v) formic acid was subsequently
spotted on dried matrix and allowed to air-dry. Data from 2000 laser
shots (337-nm nitrogen laser) were collected, and the signal was
averaged and processed with the instrument manufacturer’s 4000
series Data Explorer software.

N-terminal amino acid sequence determination. Purified peptides
were loaded into the sequencing chamber of a Procise N-terminal
amino acid sequencer (Applied Biosystems), and the amino acid
sequence was determined (Edman degradation, phenylthiohydantoin
derivatization chemistry, and separation of derivatized amino acids by
RP-HPLC) using the manufacturer’'s recommended methods and
reagents [32].

Chick biventer cervicis nerve-muscle preparation. All animal
experiments used in this study were approved by the SOBS-B Monash
University Animal Ethics Committee. Male chickens aged between 4
and 10 days were killed by CO, asphyxiation and both biventer
cervicis nerve-muscles removed. These muscles were mounted under
1 g resting tension in 5-ml organ baths containing physiological salt
solution (118.4 mM NaCl, 4.7 mM KCI, 12 mM MgSO;, 12 mM
KH,PO,, 2.5 mM CaCl,, 25 mM NaHCO; and 11.1 mM glucose).
The solution was maintained at 34°C and bubbled with carbogen
(95% O, and 5% CO,). Direct twitches were established by electrical
stimulation (0.1 Hz, 2 ms, supramaximal voltage) using a Grass S88
stimulator with an electrode placed around the body of the muscle. To
ensure selective stimulation of muscle, d-tubocurarine (10 pM) was
added and left in the organ bath for the duration of the experiment.
Snake venoms (10 and 30 pg/ml), isolated pre-synaptic neurotoxins
(0.1 and 1 pM) or vehicle were then added and left in contact with
the preparation for up to 3 hr. A significant contracture of skeletal
muscle (i.e. a rise in baseline) and/or inhibition of direct twitches were
considered signs of myotoxicity.

Cell culture. Rat skeletal muscle myoblast cell line, L6, was
purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). L6 cells were grown in 175<m’ flasks in
Dulbecco’s Modified Eagle's Medium (DMEM) supplemented with
109% Foetal Calf Serum (FCS) and 1% penicillin/streptomycin (10%
DMEM), incubated at 37°C with 5% CO, until 70% confluence. Cells
were lifted using trypsin, and pelleted. The cell pellet was re-suspended
in 30 ml culture medium to seed at 100 pl/well into four 96-well cell
culture plates. Plates were incubated at 37°C in an atmosphere of 5%
CO, and medium changed every second day until cells were grown to
90% confluence. Medium was then removed from wells and replaced
with DMEM medium supplemented with 2% FCS and 1% penicillin/
streptomycin (2% DMEM), to enable the differentiation of skeletal
myoblast cells into skeletal myocytes. Plates were incubated at 37°C in
an atmosphere of 5% CO,. Medium was replaced every second day,
for 1 week, until cell differentiation (appearance of long striated cells)
was observed. Cells were passaged up to passage 12 before being
discarded and a new vial of cells thawed.

Cell proliferation assay (MTS assay). Medium was removed from
wells in L6 cell culture plates, and the wells were washed once with
pre-warmed Dulbecco’s phosphate-buffered saline (PBS). Venom
stock solutions were diluted in 2% DMEM to a final concentration of
50-300 pg/ml. Isolated toxin stock solutions were diluted in 2%
DMEM to a final concentration of 0.1-2 pM. Dilutions were added to
wells in a cell culture plate in quadruplicate (100 pl/well). Culture
medium control (cells and medium with no venom/toxin) and medium
blanks (no cells) were also run in parallel. The plates were incubated
at 37°C with 5% CO, for 1 hr or 24 hr. After incubation, the cell

© 2013 The Authors
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culture plates were removed and washed with pre-warmed PBS three
times. Fresh DMEM (50 pl/well) and 10 pl of 3-(4, 5-dimethylthiazol-
2-yl)-5+3-carboxymethoxyphenyl)-2-(4-sulfophenyl)}-2H-tetrazolium,
inner salt (MTS) solution were added to each well. The plates were
further incubated at 37°C with 5% CO, for 3 hr. Absorbance was
measured at 492 nm utilizing the VersaMax microplate reader
(Molecular Devices, Sunnyvale, CA, USA).

Lactate dehydrogenase assay. The lactase dehydrogenase (LDH)
assay (Promega, Melboume, Australia) was performed as per the
manufacturer’s instructions. Briefly, L6 cells were exposed to multiple
concentrations of venoms at 50-250 pg/ml for a period of 1 hr under
37°C in an atmosphere of 5% CO,, followed by an equilibration at
22°C for 20 min. Three controls were performed: a no-cell control
(blank), untreated cell control (negative control) and a maximum LDH
release control (2 pl Lysis Solution positive control). Venoms and
pre-synaptic neurotoxins were performed in the identical condition.
CytoTox-ONE™ Reagent (Promega, Melbourne, Australia) (100 pl)
was added to all wells and then incubated for a further 10 min. at 22°
C. Stop solution (50 pl) was added to each well, and fluorescence was
measured with an excitation wavelength of 560 nm and an emission
wavelength of 590 nm. All solutions were plated in quadruplicate.

Determination of PLA, activity. PLA, activity of the venom/isolated
toxin was determined using a secretory PLA, colorimetric assay kit
(Cayman Chemical, Ann Arbor, ML USA) according to the
manufacturer’s instructions. This assay uses the 1, 2-dithio analogue of
diheptanoy] phosphatidylcholine, which serves as a substrate for PLA,
enzymes. Free thiols generated following the hydrolysis of the thioester
bond at the sn-2 position by PLA, are detected using DTNB [5, 5-
dithio-bis (2-nitrobenzoic acid)]. Colour changes were monitored at
405 nm in a fusion o microplate reader (Perkin-Elmer, Waltham, MA,
USA), sampling every minute for a 5-min. period. PLA, activity was
expressed as micromoles of phosphatidylcholine hydrolysed per minute
per milligram of enzyme.

Drugs and chemicals. The following chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA): ammonium acetate, bovine
serum albumin (BSA), d-tubocurarine, Dulbecco’s modified Eagle’s
medium (DMEM) with high glucose, and PBS. The following
chemicals were purchased from other companies as indicated: BCA
protein assay kit (Pierce biotechnology), CellTiter 96® AQueous One
Solution Cell Proliferation Assay (MTS assay) (Promega, Melboume,
Australia), foetal calf serum (FCS) (CSL Ltd., Melboume, Australia),
trifluoroacetic acid (Auspep, Melboume, Australia), and acetonitrile
(Merck, Darmstadt, Germany).

Analysis of results and statistics. Percentage yield of the pre-synaptic
neurotoxins in the venoms was determined by measuring the area
under the curve of the size-exclusion FPLC venom elution profiles.
These data were compared using unpaired Student’s r-test. For isolated
tissue experiments, responses were measured via a Grass force
displacement transducer (FT03) and recorded on a MacLab system.
The twitch height was expressed as a percentage of initial twitch
height (i.e. prior to the addition of venom, toxin or vehicle). Change
in baseline tension was measured as change from the original baseline
prior to the administration of venoms/toxins. Data were compared by
a one-way analysis of variance (ANova) on the change in twitch height
and baseline tension at the 180-min. time point.

In cell-based assays, the concentration-response curves were dis-
played as a percentage of maximal cell growth (% cell viability) versus
venom/toxin concentration and graphed using the Graph Pad Prism 5
program (GraphPad Software Inc, La Jolla, CA, USA). A one-way
ANovA was carried out to compare venom/toxin concentration. For
LDH study, % LDH release was compared between the treatment

(venoms/toxins) group, untreated cell control (negative control) and
maximum LDH release control (lysis solution) using a one-way ANOVA
and a two-way aNova. All anovas were followed by a Tukey’s multi-
ple comparison test. Statistical significance was indicated by p < 0.05.

Results

Fractionation of venoms and isolation of pre-synaptic
neurotoxins.

Size-exclusion FPLC. Acanthophis rugosus and Oxyuranus
scutellatus venoms were fractionated by size-exclusion FPLC.
The venom profile of each snake identified 7-8 major peaks
that were individually collected (fig. 1A,B). Screening in the
CBCNM preparation indicated that fraction 1 from A. rugosus
venom (fig. 1A, highlighted sections) and fraction 2 from
O. scutellatus venom (fig. 1B, highlighted sections) displayed
pre-synaptic neurotoxic activity (i.e. inhibition of indirect
twitches). Analysis of the chromatographs indicated that
cannitoxin represented 15.9 + 0.2% of O. scutellatus venom,
which was a significantly higher proportion compared to
P-EPTX-Arla (5.7 + 0.1%) in A. rugosus venom (p < 0.05,
n = 5, Student’s unpaired #-test).

RP-HPLC. Acanthophis rugosus and Oxyuranus scutellatus
venoms were also profiled using RP-HPLC on a Phenomenex
Jupiter analytical column (fig. 1C,D). The venom profile of
each snake identified 10-11 peaks that indicated the presence
of a myotoxin at 30 min.

Fraction 1 (i.e. P-EPTX-Arla) from A. rugosus venom
(fig. 1E) eluted as 4 peaks that were collected for molecular
weight and N-terminal amino acid determinations (see below).
Fraction 2 (i.e. cannitoxin) from O. scutellatus venom
(fig. 1F) also yielded 4 peaks indicating the likely presence of
the previously identified o, y, Bl and B2 subunits [32].

Molecular mass determination. The 4 subunits of P-EPTX-
Arla and cannitoxin obtained from RP-HPLC were examined
using MALDI-TOF. The nominal mass present at the apex of
each peak indicated the molecular mass of the subunit. The
subunits of P-EPTX-Arla were found to be of the following
molecular masses: 13,639 Da (o), 13,359 Da (B,), 13,459 Da
(B2) and 17,045 Da (y) (fig. 2A-D). MALDI-TOF analysis
showed the y subunit (17,045 DA) to be heterogeneously
glycosylated as indicated by broadening of the peak (fig. 2D).
The subunits of cannitoxin were found to be of the following
molecular masses: 13,174 Da (B), 13,765 Da (o), 13,212 Da
(By) and 17,812 Da (y) (fig. 2E-H).

The sum of the molecular masses of o, y and B; or B,
subunits resulted in average masses of 44,093 Da for
P-EPTX-Arla and 44,770 Da for cannitoxin, respectively.

Amino acid sequence determination. Partial N-terminal amino
acid sequence of the isolated subunits of P-EPTX-Arla was
determined (table 1). The sequence was compared with other
protein sequences at the National Centre for Biotechnology
Information (NCBI) database using a BLAST service.

© 2013 The Authors
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Fig. 1. Size-exclusion chromatograph of (A) Acanthophis rugosus venom or (B) Oxyuranus scutellatus venom on a Superdex G-75 column equili-
brated with ammonium acetate (0.1 M; pH 6.8) at a flow rate of 0.5 ml/min. Highlighted sections indicate the pre-synaptic neurotoxin in the
venom (i.e. P-EPTX-Arla for the A. rugosus and cannitoxin for O. scutellatus). RP-HPLC chromatograph of (C) A. rugosus venom, (D) O. scutell-
atus venom, (E) P-EPTX-Arla or (F) cannitoxin on a Phenomenex Jupiter analytical C18 column, equilibrated with solvent A (0.1% TFA) and
eluted with varied gradient conditions of solvent B (90% ACN in 0.09% TFA) at a flow rate of 0.2 ml/min. Gradient conditions used: 0-20% over

5 min., 20-60% for 540 min., and 60-80% for 40-45 min.

Cysteine residues were determined by blank Edman cycles
and compared with relative toxin subunits. f,-P-EPTX-Arla
and B,-P-EPTX-Arla share 85% sequence identity with
P-EPTX-Aala beta chain, isolated from A. antarcticus venom
[34], and 70 and 75% sequence identity with the B; and B,
subunits of cannitoxin [32], respectively. o-P-EPTX-Arla
shares 94% sequence identity with P-EPTX-Aala alpha chain,
a PLA, toxin isolated from A. antarcticus venom [34], and
84% sequence identity with the o-subunit of cannitoxin [32].
The 7y-subunit of P-EPTX-Arla showed 57% sequence
identity with the y-subunit of cannitoxin and 69% sequence
identity with the P-EPTX-Aala y-subunit.

Chick biventer cervicis nerve-muscle preparation.
Acanthophis rugosus and Oxyuranus scutellatus venoms
(30 pg/ml; n = 5) had a significant effect on baseline tension
compared with the vehicle (one-way anova, p < 0.05;
fig. 3A); however, the increase in baseline tension induced by
O. scutellatus venom was significantly less than that of
A. rugosus venom (one-way anova, p < 0.05). Acanthophis
rugosus venom, but not O. scutellatus venom, significantly
inhibited direct twitches in the CBCNM preparation (n = 5;
one-way ANOVA, p < 0.05; fig. 3B).

Both cannitoxin and P-EPTX-Arla (1 pM) caused signifi-
cant increases in baseline tension and significant inhibition of
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Fig. 2. MALDI-TOF mass spectrometry showing nominal masses of the P-EPTX-Arla (A) By-subunit, (B) B,-subunit and (C) o-subunit. (D)
MALDI-TOF mass spectrometry of the y-subunit indicating a spectrum consistent with heterogeneous glycosylation, with a nominal mass of
17,045 Da. MALDETOF mass spectrometry, indicating the molecular masses of the cannitoxin (E) B,-subunit, (F) a-subunit, (G) f;-subunit and

(H) y-subunit (17,812 Da).

direct twitches compared with vehicle (n = 6; one-way ANOva,
p < 0.05; fig. 3C,D).

venom (291.8 + 10.8 pmol/min/mg; n = 4; one-way ANOVA,
p < 0.05). In contrast, the PLA, activity of the pre-synaptic
neurotoxins was not significantly different, that is, P-EPTX-
n=4) and cannitoxin

Phospholipase A, activity. Arla (317.3 + 6.1 pumol/min/mg;
Oxyuranus scutellatus venom had significantly higher PLA, (309.8 £ 4.5 pmol/min/mg;  n =4;  one-way  ANOVA,
activity (373 + 32.6 pmol/min/mg) compared to A. rugosus p > 0.05).
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Table 1.
N-terminal sequence of the subunits of P-EPTX-Arla and PLA,
components isolated from other elapid snake venoms.

Species PLA; component ~ N-terminal sequence
Acanthophis BI-P-EPTX-Arla  DLAQFGCMIE
rugosus CANCGSRPSL
B2-P-EPTX-Arla  DLAQFGCMIE
CANCGSRPS
A. antarcticus'  P-EPTX-Aala DLFQFGKMIE
f-subunit CANKGSRPSL
DYMNYGCYCGK
Oxyuranus cannitoxin NLVQFGKMIE
scutellatus® B1-subunit
cannitoxin NLVQFGFMIE CAIRN
B2-subunit RQPAL DFMNY
GCY(CG....
A. rugosus o-P-EPTX-Arla NLLQFGFMIR
CANCRRRPVC HY
A. antarcticus'  P-EPTX-Aala NLLQFGFMIR
a-subunit CANKRRRPVW PYEESGC
A rugosus3 acanmyotoxin-1 NLLQIGIMKR
CANKRRRPVF
HYRDYGCYC
0. scutellatus®  cannitoxin NLLQFGYMIR
a-subunit CANGRSRPVW
A. rugosus y-P-EPTX-Arla AIPLPSLNNE
EQNNMMQQTT PPEEESL
A. antarcticus'  P-EPTX-Aala SIPLPSLNFE QFGNMIQCTI
7y -subunit
0. scutellatus®  cannitoxin SEIPQPSLDF
¥ -subunit EQFSNMIQCT IPPGE..

'Data from Blacklow er al. [34].
*Data from Kuruppu et al. [32].
3Data from Wickramaratna et al. [23].

Cell viability assay.

Serially diluted O. scutellatus and A. rugosus (50-300 pg/ml)
venoms were incubated with L6 cells for 1 hr or 24 hr
(fig. 4). Oxyuranus scutellatus venom (50-300 pg/ml) had no
significant effect on L6 cells after incubation for 1 hr
(fig. 4C). However, cell viability was significantly reduced
after 24-hr incubation with O. scutellatus venom (300 pg/ml)
(fig. 4D). In contrast, A. rugosus venom had a significant
inhibitory effect after incubation for 1 hr (150-300 pg/ml;
fig. 4A) and 24 hr (50-300 pg/ml; n = 4, p < 0.05, one-way-
repeated measures ANOVA; fig. 4B).

Serially diluted cannitoxin (0.1-2 uM) and P-EPTX-Arla
(0.1-2 uM) were incubated with L6 cells for 1 and 24 hr
(fig. 5). P-EPTX-Arla (0.7-2 pM; fig. 5B) and cannitoxin
(0.7-2 pM; fig. 5D) significantly affected L6 cell viability
(n =4, p<005, one-way-repeated measures ANOVA) after
24-hr incubation. However, P-EPTX-Arla displayed more sig-
nificant cytotoxic activity than cannitoxin (p < 0.05, Student’s
unpaired 7-test).

Lactate dehydrogenase assay.

Acanthophis rugosus venom (50-250 pg/ml) produced signifi-
cantly greater LDH release following 1-hr incubation than
O. scutellatus venom (50-250 pg/ml) (n =4, p < 0.0001,
two-way ANova; fig. 6A).

P-EPTX-Arla (1-2 pM) incubation for 1 hr induced signifi-
cant LDH release (n =4, p < 0.05, one-way AnNova). How-
ever, LDH release induced by cannitoxin (1-2 pM) was not
significantly different from cell control (n = 4, p > 0.05, one-
way ANova; fig. 6B).

Discussion

In this study, we have shown that the pre-synaptic neurotoxin
from A. rugosus venom, P-EPTX-Arla, induces in vitro myo-
toxicity and cytotoxicity. In contrast, the pre-synaptic neuro-
toxin from O. scutellatus venom, cannitoxin, displayed weak
myotoxic and minimal cytotoxic activities. To determine the
correlation between the activity of the pre-synaptic neurotoxins
and the whole venoms, we also compared the effects of both
venoms and the proportion of each toxin within their respec-
tive venom. In support of our above observations, A. rugosus
venom displayed marked myotoxicity and cytotoxicity while
O. scutellatus venom displayed small but measurable myotox-
ic and cytotoxic activities.

The snake pre-synaptic neurotoxins (i.e. P-neurotoxins)
interrupt acetylcholine release from the nerve terminal causing
flaccid paralysis due to transmission disturbance at the somatic
neuromuscular junction. These toxins are present in a range of
Australasian elapid venoms. Therefore, B-neurotoxins from
A. rugosus and O. scutellatus venoms, P-EPTX-Arla and can-
nitoxin, respectively, were isolated. The proportion of P-
EPTX-Arla in A. rugosus venom (i.e. 6%) was significantly
less than cannitoxin (i.e. 16%) in O. scutellatus venom. Both
venoms were profiled using RP-HPLC with each venom dis-
playing the presence of a myotoxin eluting around 25-
30 min., consistent with myotoxic components isolated from
the venoms of snakes in genus Acanthophis [23,24].

Pre-synaptic neurotoxin complexes are normally comprised
of 2-6 subunits [34,35]. RP-HPLC analysis of P-EPTX-Arla
indicated the presence of 4 subunits. These subunits were fur-
ther examined for molecular mass to enable comparison with
cannitoxin. P-EPTX-Arla and cannitoxin consist of 4 subun-
its: B-1, B-2, o and y. The o-subunit eluted around 30 min.,
indicating the PLA> component in each toxin. Previous studies
reported that taipoxin acts as a potent pre-synaptic neurotoxin
and also exhibits myolytic and necrotic activity [16,36]. The
basic a-taipoxin was myotoxic, and its potency was enhanced
by the presence of the y-subunit, whereas the role of the neu-
tral B-subunit was unclear [16]. This suggests that the o-sub-
unit is required to generate myotoxicity.

It has been documented that snake venom PLA, compo-
nents have masses in the range of 12-14 kDA. The
o-P-EPTX-Arla is similar in molecular weight to that of
o-P-EPTX-Aala [34], the toxin isolated from A. antarcticus.
Molecular mass of P-EPTX-Arla subunit 4 (17,045 DA) was
similar to y-subunit of cannitoxin [32] and y-subunit of
P-EPTX-Aala [34]. In addition, MALDI-TOF analysis also
revealed subunit 4 of P-EPTX-Arla to be a glycoprotein as
evidenced by the areas of heterogenous glycosylation observed
in MALDI spectra [32] indicating subunit 4 as the y-subunit
of P-EPTX-Arla.
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(n =5) on (C) baseline tension or (D) direct twitches of CBCNM preparation at the 180-min. time point. *p < 0.05, significantly different from
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Inhibition of direct twitches and a rise in baseline tension
have been postulated to be indicative of myotoxic activity
[37]. In this study, A. rugosus (10-30 pg/ml) venom,
P-EPTX-Arla and cannitoxin (0.1-1 pM) showed myotoxic
effects in the chick biventer cervicis skeletal muscle prepara-
tion. Despite having a greater proportion of pre-synaptic neu-
rotoxin in the whole venom, O. scutellatus venom failed to
induce a significant increase in baseline tension and had less
inhibitory effect on direct twitches.

Numerous studies indicate that PLAss of classes I (elapid
venoms) and II (viperid venoms) [4,38] generate a rapid func-
tional and structural disruption of plasma membranes [39]. We
measured PLA, activity of the venoms and pre-synaptic neu-
rotoxins to determine whether PLA, activity correlates with
myotoxic/cytotoxic activities. Oxyuranus scutellatus venom
displayed the greatest PLA, activity. Interestingly, no direct
relationship was found between the degree of PLA, activity
and the myotoxic/cytotoxic activities of venom suggesting that
the pharmacological effects induced by PLA, are independent
of its catalytic activity [40] or that the toxin may contain a
membrane-damaging region separate from the catalytic site
[41].

An MTS assay in the rat skeletal muscle cell line (L6) was
used to determine cell viability. This assay has previously
been used by our laboratory to examine the cytotoxicity of a
range of elapid snake venoms [25]. Oxyuranus scutellatus

venom was markedly less cytotoxic than A. rugosus venom.
Acanthophis rugosus venom (150-300 pg/ml) affected cells
after 1-hr incubation suggesting the possibility of rapid mem-
brane disruption or tissue necrosis. After 24-hr incubation,
A. rugosus venom reduced cell viability at all concentrations
(50-300 pg/ml) tested. P-EPTX-Arla was more cytotoxic than
cannitoxin after 24-hr incubation, indicating that the cytotoxic
effects of the pre-synaptic neurotoxin do not depend on PLA,
activity. In this study, large concentrations of whole venoms
were required to produce cytotoxicity, suggesting the venom
component(s) responsible for cell death is only a minor com-
ponent of the whole venom [25].

LDH levels were measured as an indicator of cytotoxic
activity. The cytosolic enzyme ‘LDH’ is released from cells
as a result of the loss of membrane integrity from necrosis,
as the leakage of cell contents. The integrity of the cell
membrane is lost as a result of the binding of the cytotoxin
to membrane proteins, rendering the cell susceptible to
actions by PLA,, which may influence a wide range of mem-
brane mechanisms [42]. Acanthophis rugosus venom and P-
EPTX-Arla induced a significant increase in LDH release,
which appears to suggest plasma membrane disruption. In
contrast, only a small proportion of cells were lysed follow-
ing 1-hr exposure to O. scutellatus venom or cannitoxin sup-
porting the apparent lack of rapid cytotoxic activity for this
species.
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In conclusion, A. rugosus venom displayed marked in vitro
myotoxic and cytotoxic activities while O. scutellatus
venom displayed a mild effect on the CBCNM preparation
and L6 skeletal muscle cell line. The isolated pre-synaptic
neurotoxins (i.e. cannitoxin and P-EPTX-Arla) induced sig-
nificant effects on the CBCNM preparation. The myotoxic/
cytotoxic activities were not related to PLA, activity or
the proportion of toxin in the whole venom. This study
exhibited the myotoxic activity of pre-synaptic PLA, neu-
rotoxins of Australasian elapids. To understand the mecha-
nism behind the cytotoxicity of these isolated toxins, the
role of extracellular Ca®* and an electrophysiological
examination are required to determine Ca* influx after
membrane disruption.
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CHAPTER 3

1. Introduction

The following work raised interesting questions regarding time-dependent viability of cultured cell
and morphological changes in the skeletal muscle preparation treated with venoms/purified toxins.
Therefore, addition experiments were carried out. This section includes additional work not

included in the manuscript published in Basic & Clinical Pharmacology & Toxicology.

2. Material and Methods (continued)
2.1 Cell proliferation assay

As per the manuscript.

2.2 Morphological Studies

Following the in vitro experiments, the tissues were placed in Tissue Tek, frozen with
liquid nitrogen and stored at -80°C until required. The tissues were cut into transverse sections
(14 pm) using a Leica CM1800 cryostat and placed onto gelatin-coated slides. Tissue sections
were post fixed for 15 min in a solution containing 4% paraformaldehyde in distilled water, stained
with haematoxylin and eosin and examined under a light microscope (Olympus BX 51, Olympus
Optical Co., Japan). Slides were photographed using an Olympus C-4040ZOOM (Olympus Optical

Co., Japan) digital camera.

2.3 Chemicals in Morphological Studies
The following chemicals were used: eosin and Mayer’s Haemalum (Sigma Chemical Co.,

St. Louis, MO, U.S.A.).

2.4 Data analysis

Statistical analysis of the cell proliferation assay data is as per manuscript.
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3. Results
3.1 Cell Viability assay

A. rugosus venom (200-300 pg/ml) significantly (P < 0.05, n = 4) inhibited cell
proliferation of L6 cells following a period of incubation of 2, 3 or 5 h (Figures la-c).
O. scutellatus venom (50-300 pg/ml) did not reduce cell viability after 2, 3 or 5 h incubation

(Figures 1d-f).

3.2 Morphological Studies

Tissues exposed to A. rugosus venom (30 pg/ml; Figure 2b) showed slight morphological
changes compared with tissues exposed to O. scutellatus venom (30 pg/ml; Figure 2¢) or vehicle
(Figure 2a). In contrast, P-EPTX-Arla (1 uM; Figure 2d) and cannitoxin (1 uM; Figure 2e)
induced marked morphological changes. These changes included edema, vacuoles and

disintegration of myofibers.

4. Discussion (continued)
Further discussion concerning the additional data is included in the General Discussion

(Chapter 9).
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Figures
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Figure 1: Cell viability of L6 rat skeletal muscle cells after incubation with A. rugosus venom (50-
300 ug/ml; n = 4) for 2 (a), 3 (b) or 5 hours (c), and cell viability of L6 rat skeletal muscle cells
after incubation with O. scutellatus venom (50-300 ug/ml; n = 4) for 2 (d), 3 (e) or 5 hours (f). *P
< 0.05, significantly different from cells only (one-way-repeated measures ANOVA).
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(©) (d)

(e)

Figure 2: Transverse sections of CBCNM preparation exposed to (a) vehicle, (b) A. rugosus
venom (30 ug/ml), (c) O. scutellatus venom (30 ug/ml), (d) P-EPTX-Arla (1 uM) or (e) cannitoxin
(1 uM). Scale bars, 50 um in all micrographs. Arrows indicate prominent vacuoles.
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Summary

BACKGROUND AND PURPOSE. Snake neurotoxins induce neurotoxic effects that include
disruption of ion channel activity and changes in membrane potential. P-EPTX-Ar1a, a neurotoxin
from Irian Jayan death adder (Acanthophis rugosus) venom, previously isolated and characterized
by us, induces neurotoxicity. Here we investigated the mechanisms mediating this neurotoxic
effect.

EXPERIMENTAL APPROACH. We studied embryonic day 16-18 mouse primary dorsal root
ganglion (DRG) neurons plated onto glass coverslips and studied within 6-8 hours. The cells were
loaded with the Ca*" fluorophore Fluo-4-AM, and membrane currents were recorded using the
patch-clamp technique in whole-cell mode.

KEY RESULTS. P-EPTX-Arla (69-230 nM) evoked a rapid increase in intracellular Ca®" which,
at the highest concentrations, induced retraction of projections and dissociation of neurons from the
glass coverslips. Ca®” influx did not occur in Ca**-free solution containing EGTA but persisted in
the presence of an endoplasmic reticulum-specific Ca*"ATPase inhibitor, cyclopiazonic acid. Ca®*
influx was significantly reduced by tetrodotoxin, nifedipine or agatoxin indicating a role for
voltage-gated Na' and L-type and P/Q-type Ca®" channels. In whole cell patch clamp, P-EPTX-
Arla (0.17 uM) rapidly and reversibly induced an inward current in DRG neurons which was
significantly reduced by the cationic channel blocker SKF 96365 or upon removal of extracellular
Na’, but not by changing the CI- gradient.

CONCLUSIONS AND IMPLICATIONS. P-EPTX-Arla induces membrane depolarization
following activation of a cationic channel that mainly carries Na" in DRG neurons. Depolarization
increases Ca®" influx through voltage-gated L- and P/Q-type channels, resulting in a neurotoxin-

. . . . 2
induced increase in cytoplasmic Ca”".

Key words: cytoplasmic calcium, venom, dorsal root ganglion, pre-synaptic neurotoxin
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Abbreviations: CPA, cyclopiazonic acid; DRG, dorsal root ganglia; EGTA, ethylene glycol-bis
(B-aminoethyl ether)-N,N,N,N ’-tetraacetic acid; PLA,, phospholipase A,; TTX, tetrodotoxin; TRP,
transient receptor potential; BAPTA-AM, 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N -tetraacetic
acid tertrakis (acetoxymethyl ester); NMDA, N-methyl-D-aspartate; SKF 96365 (1-{B-[3-(4-

methoxyphenyl)-propoxy]-4-methoxyphenethyl}-1H-imidazole hydro-chloride).
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Introduction

An abundant component of many elapid venoms, is phospholipase A, (PLA,, EC 3.1.1.4)
(Fry, 1999). Snake pre-synaptic PLA, neurotoxins (SPANs) are key toxic components of snake
venoms of families Elapidae (e.g. taipoxin from Australian taipan, Oxyuranus scutellatus, [-
bungarotoxin from banded krait, Bungarus multicinctus), Crotalidae (e.g. crotoxin from South
American rattlesnake, Crotalus durissus terrificus) and Viperidae (e.g. ammodytoxin A from the
viper, Vipera ammodytes ammodytes). PLA, hydrolyses the sn-2 ester bond of 3-sn-
phosphoglycerides, releasing lysophospholipids (LysoPLs) and fatty acids (FAs) (Harris, 1985;
Rossetto et al., 2004). However, as pointed out elegantly by Kini, specific pharmacological sites on
the SPAN molecules bind at specific target recognition sites on the surfaces of target tissues or
membranes, but this binding does not necessarily involve activation of PLA, enzyme activity (Kini,
2003). Thus, the immediate visible effects of envenomation might be generated by mechanisms
which are independent of PLA, enzymatic activity and, instead, reflect initial toxin binding with
other membrane proteins e.g. ion channels. The pharmacological activity of SPANs is
characterized by disruption of acetylcholine (ACh) transmission at motor nerve terminals which
can either facilitate, as with dendrotoxin from Dendroaspis angusticeps, or block neurotransmitter
release, as with B-bungarotoxin (Rowan, 2001). Moreover, SPANs also induce myotoxicity or
peripheral muscle damage (Harris and Maltin, 1982) due to persistent plasma membrane
depolarization (Melo et al., 2004).

Effects of SPANs that may be independent of PLA, enzyme activation include, for
example: Inhibition of voltage-gated K channels which can delay repolarization of the nerve
terminal after the action potential, resulting in a prolonged opening of voltage-gated Ca®" channels,
Ca®" influx in the nerve terminal, and hence transmitter release. Dendrotoxin (Penner et al., 1986)
and B-bungarotoxin (Petersen et al., 1986) reduced a slow, non-inactivating component of the K"
current in guinea-pig dorsal root ganglion (DRG) neurons. However, not all SPANs have

inhibitory effects on voltage-gated K" channels (Fathi et al., 2001; Hodgson et al., 2007).
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A rise in cytoplasmic Ca> in response to SPANs has been demonstrated in mammalian
neurons (Rigoni et al., 2007; Rigoni et al., 2004; Tedesco et al., 2009). B-bungarotoxin induces an
increase in cytoplasmic Ca>" and neurotoxicity in cultured cerebellar granule neurons (Tseng and
Lin-Shiau, 2003b). These effects are attenuated by BAPTA-AM, EGTA, MK&801 and diltiazem
suggesting that the neurotoxic effect was generated by activation of NMDA receptors and opening
of L-type Ca*" channels, resulting in intracellular Ca*" overload (Tseng and Lin-Shiau, 2003b).
This also triggers nitric oxide (NO) production, as NO synthase inhibitors were neuroprotective
against B-bungarotoxin (Tseng and Lin-Shiau, 2003a). This suggests that NO may contribute to
neuronal cell death.

We have previously purified a pre-synaptic neurotoxin (P-EPTX-Arla) from Irian Jayan
death adder (Acanthophis rugosus) venom (Chaisakul et al., 2010). This toxin caused neurotoxicity,
indicated by an inhibition of nerve-induced twitches in the chick biventer cervicis nerve-muscle
preparation (Chaisakul et al., 2010). Furthermore, we have reported that P-EPTX-Arla induces
myotoxic and cytotoxic activities in skeletal muscle tissue and L6 cells, a skeletal muscle cell line
(Chaisakul ef al., 2013). These disturbances may involve an increase in cytoplasmic Ca>". In
addition, evidence that snake PLA, neurotoxins change neuronal membrane potential is limited.
Here, we hypothesized that P-EPTX-Arla induces disruption of function through membrane
depolarization which leads to rapid Ca*" influx. Numerous studies have used cerebellar granule
neurons (CGNs) to examine the neurotoxicity of snake PLA, neurotoxins. However, snake PLA,
toxins do not cross the blood-brain barrier (Montecucco et al., 2008). Therefore, mouse DRGs
were used in the current study since they represent a peripheral sensory neuron which is more
likely to be a target of snake venoms/toxins. P-EPTX-Arla rapidly and reversibly activated a

cationic channel and evoked a rise in intracellular Ca*" as a result of extracellular Ca>" influx.
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Methods
Toxin isolation

Freeze-dried venom of A. rugosus was purchased from Venom Supplies (Venom Supplies
Pty Ltd, Tanunda, SA, Australia). Venom was dissolved in Milli-Q H,O and insoluble material was
removed by centrifugation at 10,000 x g at 4°C for 8 min. The supernatant was subjected to
chromatographic separation using a Shimadzu (Kyoto, Japan) high-performance liquid
chromatography system (LC-10ATvp pump and SPD-10AVP detector). Venom (3 mg) was
applied to a Superdex G-75 column (13 pm; 10 x 300mm; GE Healthcare, Buckinghamshire, UK)
equilibrated with ammonium acetate buffer (0.1 M; pH 6.8). The sample was eluted at a flow rate
of 0.5 ml/min. The eluent was monitored at 280 nm. Fractions were collected and freeze-dried
prior to study. Subunits of P-EPTX-Arla were disassociated by RP-HPLC. Protein content of the
isolated toxin was determined utilizing a BCA protein assay kit according to the manufacturer’s
instructions (Pierce Biotechnology, IL, USA). Briefly, isolated toxin was added in triplicate to a
96-well micro-titer plate. Bovine serum albumin solutions, diluted from 0.025 - 1 mg/ml, were
used as reference standards and distilled water was used as a blank. Absorbance was measured at
562 nm utilizing a fusion o microplate reader (Perkin Elmer, MA, USA). To confirm the purity of
P-EPTX-Arla, the molecular mass was determined using MALDI-TOF mass spectrometry, the
amino acid sequence was determined using Edman degradation, phenylthiohydantoin
derivatization chemistry, and separation of derivatized amino acids by RP-HPLC was performed
(Chaisakul et al., 2013). Neurotoxic activity of P-EPTX-Arla was confirmed using the isolated

chick biventer cervicis nerve-muscle preparation as described previously (Chaisakul et al., 2010).

Cell isolation

Swiss albino mice (34 animals) were deeply anaesthetized using isoflurane followed by
decapitation on day 16 to 18 of pregnancy. The anaesthetized fetuses (E16-18) were rapidly placed
on ice and decapitated. These procedures are in accordance with the National Health and Medical

Research Council of Australia guidelines for the treatment and management of experimental
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animals. Ethics approval was obtained from Monash University Animal Research Platform Ethics
Committee-1 prior to commencement of the study. All thoracic and lumbar DRG from each fetus
were isolated and gently triturated mechanically in 200 ul Hank’s solution. DMEM/F12 (800 pl)
that included 5% heat-inactivated fetal calf serum (FCS), nerve growth factor (NGF, 0.5 ng/ml), N-
2 supplement (10 pl/1 ml), and glia-derived neurotrophic factor (GDNF, 2 ng/ml) was then added
to the cell triturate. The mixture was plated onto 9 mm glass coverslips, previously coated with
poly-L-ornithine and laminin (~50,000 cells per coverslip), and placed in an incubator for 1h at
36°C to settle. The medium in each well (containing one coverslip) was then topped up with 1ml of
warmed DMEM/F12 and incubated for a further 30-60 min before starting experiments. The cells

were used within 6 h of plating.

Ca’* imaging

DRG cells were loaded with Fluo-4-AM (5uM) for 15 min at room temperature.
Coverslips with loaded cells were placed in a Warner tissue bath (220-250 pl volume, Warner
Instruments, Hamden, CT, USA) mounted on a confocal inverted microscope (Olympus 1X71) and
continuously superfused with Hank’s solution containing (mM): NaCl 137; KCl 5.4; NaHCO, 4;
glucose 5.6; KH,PO,4 0.44; MgSO,4 0.4; CaCl, 1.5; MgCl, 0.5; Na,HPO4 0.3; HEPES 10, at 3
ml/min and 33°C.

To measure cytoplasmic free calcium [Ca®];, the cells were excited by a krypton/argon
laser at 488 nm and emission was recorded at 525nm, with the light passing through a Yokogawa
CSU22 Nipkow spinning disk (Yokogawa Electric Corp, Tokyo, Japan) and captured by a high-
sensitivity electron-multiplying Andor iXon CCD camera (Andor Technology, Belfast, Ireland).
Full frames were collected at 1 frame per s. The effects of P-EPTX-Arla on cells were tested under
different experimental conditions including normal Ca*" and Ca®"-free Hank’s solutions. Analysis

consisted of randomly selecting 10-12 cells from bright field images of cells on each coverslip and
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an average of the fluorescence was obtained for the treatment response in that animal. The
treatment was tested independently in ‘n’ animals.

A non-lethal concentration of P-EPTX-Arla for DRG cells was first determined. The level
of fluorescence was recorded in 10-12 DRG cells by selecting regions of interest (ROI) over
individual cells, using the facility on the Andor iQ computer software. Cells were tested with a 10 s

exposure to high K (100 mM, isosmotic Na' replacement) at the end of each experiment.

Electrophysiological recording

Coverslips of cells were transferred to a Warner bath and were continuously superfused
with Hank’s solution at room temperature. In some experiments, extracellular Na" was reduced and
this solution contained (mM): tetraethyl ammonium (TEA) 102; NaCl 35; KCl 5.4; NaHCO, 4;
glucose 5.6; KH,PO, 0.44; MgSO, 0.4; CaCl, 1.5; MgCl, 0.5; Na,HPO, 0.3; HEPES 10.
Membrane currents were recorded using the patch-clamp technique in whole cell mode. Electrodes
were pulled from glass (PG150T-15, Harvard Apparatus Ltd, UK) using a Sutter P-87 puller
(Sutter Instruments, Novato, CA, USA). The tips of the electrodes were fire polished using a micro
forge (Narishige MF-830, Japan) and the electrodes were back-filled with solution. One of two
patch solutions was used: normal CI solution containing (mM): KCI 135; HEPES 10; MgCl, 1.2;
ATP 3; EGTA 0.3. Low CI solution contained (mM): CsCl 15.4; Cs,SO, 72.4; HEPES 10; MgCl,
1.2; ATP 1; EGTA 0.3. Electrodes had resistances of 3-5 MQ.

The cells were held at —70 mV before and during application of P-EPTX-Arla. Current-
voltage relationships were determined by ramping the membrane potential between —110 and 0 or
+20 mV over 200 ms. The current attributed to P-EPTX-Arla was determined by subtracting the
current response to voltage ramps before P-EPTX-Arla application from the maximum current
response, and in the continued presence of P-EPTX-Arla. Recordings were made using an
Axopatch-200 amplifier and the data were analysed using pClamp (Axon Instruments, Foster City,

CA USA).
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The use of sulphate in the patch electrode as a substitute for chloride affected the junction
potentials. The magnitude of the liquid junction potential was calculated and the reversal potentials

were corrected accordingly.

Data analysis

The area under the curve of the Fluo-4 [Ca®]; signal response of P-EPTX-Arla for each
cell was normalized in terms of the response to 10 s exposure to 100 mM K" solution. 10-12 cells
per plate were analysed. A mean value from the 10-12 individual cells was used for statistical
analysis. The response to P-EPTX-Ar1a is reported in terms of the % of cells responding to toxin
over time of exposure and beyond. Thus, the % of cells responding for the first time in the first,
second and third minutes, and not until after 4 min are shown separately (see Figs 2 and 3).
Multiple comparisons were made using a one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test. It was deemed unwise to expose the same cells to P-EPTX-Arla
on two occasions, since the effect of P-EPTX-Arla did not wash out clearly. Thus, the effects of P-
EPTX-Arla alone and in the presence of blockers of ion channels or transporter were studied in
different plates. A P value of < 0.05 was accepted as significant. Data are expressed as mean +

SEM, with n = number of independently repeated plates.

Chemicals

The following reagents were used: Dulbecco’s modified Eagle’s medium (DMEM) and
Hank’s balanced salt solution (HBSS) (Gibco, Mt Waverley, Victoria, Australia); Fluo-4-AM
(Molecular Probes, Eugene, OR, USA); w-conotoxin GVIA (CTX GVIA) (Alomone Laboratories,
Jerusalem, Israel); w-agatoxin TK (AgTX TK) (Peptides International, Louisville, KY, USA);
SKF-96365, EGTA, nifedipine, cyclopiazonic acid (CPA), MKS801, poly-L-ornithine (Sigma-
Aldrich, MO, USA); GDNF, NGF, N-2 and laminin (Invitrogen, Victoria, Australia); FCS

(Bovogen Biologicals Pty. Ltd, Keilor, Vic. Australia).
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Results

Cytoplasmic calcium increase in mice DRG neurons exposed to P-EPTX-Arla

When a lethal concentration of P-EPTX-Arla (0.23 uM or 10 pg/ml) was applied to DRG
neurons for 4 min, a large increase in [Ca®"]; occurred, with withdrawal of projections and
dissociation of the soma from the glass coverslips (Fig. 1).

When the concentration of P-EPTX-Arla was reduced to 69 nM (3 pg/ml) a lethal effect
was not observed (Fig. 2a), [Ca®"); increased in 83 + 3% of neurons in each coverslip (n = 28 plates
from 28 mice). Of those, 23 + 4% of cells responded initially within the first minute, and this was
joined by an additional 23 £ 4% of cells in the second minute and 18 £ 3% of cells in the third
minute. In 36 + 4% of cells there was no response until at least 4 min had elapsed, by which time
the P-EPTX-Arla had been removed from the chamber (Fig. 2b). Following removal of P-EPTX-

Arla, Ca®" oscillations abated slowly (Fig. 2a; the blue line).

Effect of extracellular Ca>* on P-EPTX-Ar1a induced increase in [Ca2+]i

Experiments using Hank’s solution from which Ca®" had been omitted for 1 min prior to
and during the 4 min application of P-EPTX-Arla (69 nM) showed that approximately 3-10 % of
cells displayed an increase in [Ca*'];, while 77 + 5% responded upon restoration of Ca®" (Fig. 3b).
However, including EGTA (150 pM) in the Ca*"-free Hank’s solution resulted in complete
abolition of the [Ca®"]; response to P-EPTX-Arla (Figs. 3a, ¢). Reintroduction of Ca’" at the time
of P-EPTX-Arla removal resulted in a prompt and large increase in [Ca®]; in 100% of cells (Figs.

3a, ¢).

Effects of ion channel blockers on the [Ca2+]i response to P-EPTX-Arla
The increase in [Ca’]; induced by P-EPTX-Arla (69 nM) was unaffected by pre-
incubation in ®-conotoxin (# = 6), which inhibits N-type voltage-gated Ca®" channels. The P-

EPTX-Arla-induced increase in [Ca*']; was reduced to 55 + 6 % of cell in the presence of
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nifedipine (# = 12) and to 46 = 15 % by agatoxin (n = 5) suggesting the involvement of L- and
P/Q-type voltage-gated Ca®" channels, respectively (Fig. 4a). A combination of nifedipine plus
agatoxin (n = 4) reduced the number of cells responding to P-EPTX-Arla to 22.5 £+ 2.5 % (P <
0.0001, one-way ANOVA). Interestingly, blockade of voltage-sensitive Na™ channels by TTX (n =
14) reduced the number of cells responding to P-EPTX-Arla to 41 + 5 % (Fig. 4b).

To investigate the effects of P-EPTX-Arla on internal Ca®* stores, the neurons were
incubated in Hank’s solution containing CPA (10 pM) for 2 min prior to and during application of
P-EPTX-Arla (69 nM) for 4 min. The oscillations in [Ca®]; in response to P-EPTX-Arla persisted
in the presence of CPA, suggesting releasing of Ca’>" from endoplasmic reticulum was not
responsible for the rise in [Ca®'];.

SKF 96365 blocks a variety of cationic channels (Iouzalen ef al., 1996), including Ca*'-
conducting transient receptor potential (TRP) channels (Dietrich et al., 2006; Rae et al., 2012) and,
alone, it induced a small but sustained increase in [Caz+]i. Incubation with SKF 96365 (10 uM) for
4 min before and during P-EPTX-Arla (69 nM) application significantly reduced the rise in [Ca®"];
to 34 £6 % of cells (n =5, P <0.0001, one-way ANOVA, Fig. 4b).

Blockade of NMDA receptors with MK801 (1 uM) significantly reduced the increase in

[Ca®"]; evoked by P-EPTX-Arla (69 nM) (Fig. 4b).

Electrophysiological recording (patch-clamp)

From a holding potential of =70 mV, depolarizing voltage ramps (from —110 to 0 or +20
mV) were applied before and during application of P-EPTX-Arla (0.17 uM or 7 pg/ml). In normal
Hank’s solution, P-EPTX-Arla evoked an inward current within 1-2 min that was associated with
an increase in membrane conductance. This current was reversed following washing out of the
toxin (n = 5) (Fig. 5a). When Na' in the Hank’s solution was reduced to 35 mM, the P-EPTX-
Arla-induced inward current was promptly reversed (n = 8, Fig. 5b), suggesting an increase in Na"

conductance by P-EPTX-Arla.
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The membrane current was plotted against membrane potential during the voltage ramp to
give the current-voltage (I-V) relationships. The current activated by P-EPTX-Arla was all but
abolished in low Na" Hank’s solution indicating the large Na" contribution (Fig. 5c).

SKF 96365 (10 uM) abolished the inward currents induced by P-EPTX-Arla (n = 6) (Fig.
6). The ionic conductance involved in the P-EPTX-Arla response was further probed using
electrodes in which K™ was replaced by the impermeant Cs’, or Cl" was replaced by impermeant
SO,” (Fig. 7). The reversal potential of the current evoked by P-EPTX-Arla, extrapolated from the
Goldman-Hodgkin-Katz (GHK) equation of best fit, was not influenced by these substitutions,

confirming the major contribution of Na" to the conductance.

Discussion

In this study, we have demonstrated that P-EPTX-Arla, a characterized neurotoxin from
A. rugosus venom (Chaisakul e al., 2010), induces a substantial increase in [Ca®']; in sensory
neurons of mice. This rise in [Cay]i results from the brisk activation of a cationic channel which
depolarizes the neurons, increasing the probability of opening of voltage-gated L- and P/Q-type
Ca®" channels. While neurons recovered from more modest rises in [Ca®'];, large increases in
[Ca®"); resulted in retraction of growth cones or processes and detachment of the neuron from the
substrate and, presumably, cell death.

Envenomation by snakes of the genus Acanthophis (i.e. death adders) can be a cause of
severe morbidity in Australia (Johnston et al., 2012) and Papua New Guinea (Currie, 2000). This
results from neurotoxicity and myotoxicity (Isbister et al., 2010). Pre-synaptic neurotoxins, which
disrupt ACh release from nerve terminals, have been identified in many death adder venoms
(Blacklow et al., 2010a; Blacklow et al., 2010b). SPAN-induced cellular disruptions may be
generated by an increase in cell permeability, direct depolarization of the nerve terminal (Rugolo et
al., 1986), or enhanced Ca>" entry during the action potential (Su and Chang, 1984). The
significant rise in [Ca®']; in CGN neurons evoked by B-bungarotoxin which is responsible for

massive depletion of ATP, culminating in cell death (Tseng and Lin-Shiau, 2003b). We have
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recently reported myotoxic and cytotoxic activities induced by P-EPTX-Arla (Chaisakul et al.,
2013). In the current study, we investigated the possibility that P-EPTX-Arla might induce an
increase in [Ca%]i and, if so, the nature of the ion channels involved. P-EPTX-Arla caused a rapid,
though sometimes delayed, significant increase in [Ca®"].. Maitotoxin, a non-peptide toxin from the
dinoflagellate (Gambierdiscus toxicus), also increases [Ca’];in a variety of cell types via influx
mechanisms (Choi et al., 1990; Gusovsky and Daly, 1990; Sinkins et al., 2009) and not resulting
from release of intracellular Ca®" stores (Gutierrez et al., 1997). In the present study, we considered
the source of the increase in [Ca>"]; evoked by P-EPTX-Arla in DRG neurons. Prevention of Ca®"
filling of the endoplasmic reticulum (ER) using CPA (or thapsigargin, data not shown) had no
effect, indicating that the release of Ca®* from ER is unlikely to be responsible for the increase in
[Ca®"]; by P-EPTX-Arla.

In the present study, P-EPTX-Arla application to DRG neurons under voltage clamp
evoked a prompt inward current. This current was reversible following removal of P-EPTX-Arla.
Reversal of the current was also achieved upon lowering extracellular Na’, or by application to the
superfusate of SKF 96365, a poorly-selective blocker of cation channels. These results suggest the
possibility of a very rapid binding of the toxin to a cation channel, and is in keeping with the
specific target recognition site theory outlined by Kini (Kini, 2003). The increase in Ca’" influx in
brainstem neurons in response to maitotoxin when external Na" was lowered (Kakizaki et al., 2006)
could also indicate involvement of the SKF 96365-sensitive TRPC1 channels, for which Na' and
Ca®" compete. Activation of such a cation channel would give rise to depolarization and would
explain the slower recruitment of voltage-gated L- and P/Q-type Ca>" channels and Ca®" influx
observed in the present study. A previous study also demonstrated the role of slow recruitment of
L-type Ca’" channels in the Ca®" influx and neurotoxicity evoked in CGN neurons by f-
bungarotoxin (Tseng and Lin-Shiau, 2003b). On a cautionary note, SKF 96365 has been reported
to block channels of very different classes, e.g. T-type Ca>" channels (Singh et al., 2010), K
channels (Schwarz et al., 1994), store-operated channels (Varnai et al., 2009), and any of these

channels could contribute to [Ca®‘];, directly or indirectly.
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Inhibition of voltage gated K* channels has been identified as the target of some snake
neurotoxins (e.g. B-bungarotoxin or dendrotoxin) which would induce depolarization and could
account for the release of neurotransmitter (Penner er al., 1986; Petersen et al., 1986). Chloride
channels may also participate in determining membrane potential in some cells (Tsunoda and
Matsumiya, 1987). We therefore tested the possible involvement of these channels in the response
of DRG neurons to P-EPTX-Arla by using electrodes in which K™ and/or CI- were substituted with
Cs" and/or SO,*, respectively. Our results indicated that P-EPTX-Arla-induced depolarization is
not likely to be due to an effect on K or CI channels, as the ion replacement patch solution did not
alter the reversal potential on an I-V plot.

The rise in [Ca®']; induced by maitotoxin is inhibited by imidazoles, including SKF 96365
(Daly et al., 1995). In our study, while the combination of agatoxin and nifedipine summed
together to inhibit most of the rise in [Ca®"];, Ca®" influx persisted in some 20% of cells in the
presence of these blockers. The P-EPTX-Arla-evoked rise in [Ca®’]; was also blocked by SKF
96365, as was the inward current. SKF 96365 blocks most transient receptor potential (TRP)
channels of the C-type (Alexander et al., 2011), and all members of the TRPC family conduct Ca®*
as well as Na', suggesting the possibility of a direct involvement of these channels in the increase
in [Ca®]; observed. However, this interpretation must be viewed with caution, as Na" played a
major role in the current recorded here, with little scope for Ca®’. In addition, selective blockade of
individual members of the TRPC family using pharmacological means is not possible due to poor
selectivity of the blockers (and see discussion above).

Ca’" is essential for the hydrolysis of phospholipids by snake PLA, enzymes (Pieterson ef al.,
1974), since Ca*" has a significant role in binding the negatively charged phosphate group on the
substrate and allowing appropriate orientation of the substrate around the active site (Verheij et al.,
1980). In fact, SPANs can induce an increase in [Ca®']; in neurons by an action of hydrolysed
products of PLA,; i.e. LysoPLs (located on the external leaflet of plasma membrane) and FAs (on
both sides of the membrane) (Rigoni et al., 2007). These PLA, products can induce a change in

membrane fluidity and membrane-bound protein causing plasma membrane leakage and cell
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damage. In addition, PLA, products such as arachidonic acid can stimulate extracellular Ca*" entry
via specific channels (arachidonate-regulated Ca’" (ARC) channels), characterized in a number of
cell lines (Holmes et al., 2007; Shuttleworth and Thompson, 1998) including pancreatic B-cell
(Yeung-Yam-Wah et al., 2010). Thus, hydrolysed products of snake PLA, could contribute to the
residual increase in [Ca”']; that persisted in the presence of ion channel blockers.

In our current study (Fig.3), P-EPTX-ARla-induced increase in [Ca*']; in DRG neurons
was prompt and large when normal Ca®" was re-introduced, especially in those neurons that had
been exposed to the Ca®" chelator, EGTA. This response was also observed in the p-bungarotoxin-
induced elevation in [Ca®'];, a result which was interpreted in terms of an irreversible neurotoxin-
induced signalling cascade that remains active even following removal of toxin from the medium
(Tseng and Lin-Shiau, 2003b). Such a possibility cannot be excluded in the present study.

In conclusion, our data indicate that P-EPTX-Arla, a neurotoxin purified from Irian Jayan
death adder venom, plays an important role in the generation of a rapid increase in [Ca®"); via Ca®*
influx. P-EPTX-Arla activates a cationic channel which would cause membrane depolarization.
This depolarization opens voltage-sensitive Na’ channels and the ensuing Na’ action potential
activates voltage-gated Ca®" channels, resulting in Ca>" influx which, when sufficiently large and

prolonged, causes significant pharmacological effects.
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Figure 1: Effect of P-EPTX-Arla (0.23 uM) on a mouse DRG neuron in normal Ca’" (1.3 mM)
Hank’s solution. DRG neuron was loaded with the intracellular Ca’* detector fluo-4 AM.
Fluorescent image before the incubation of the toxin is shown at t = 0 min. Retraction of neuron
projections occurred at 4 min and cell death at t = 5.5 min.
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Figure 2: Intracellular Ca’" fluorescence levels in response to P-EPTX-Arla (69 nM) for 4 min in
mouse DRG neurons. (a) Examples of the rise in cytoplasmic Ca’" in neurons exposed to P-EPTX-
Arla, Ca’ spikes occurred in some neurons (red), while in others the response was gradual and
lacked oscillations (blue). (b) P-EPTX-Arla induced an increase in fluorescence in 20-25 % of
cells within 1 min, and in an additional 20-25 % of cells in the 2" and again in the 3" min, while
approximately 40 % of cells did not respond until after 4 min had elapsed. (*P = 0.002, one-way
ANOVA, n = 28 mice).
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Figure 3: Effect of removing extracellular Ca’* on the increase in cytoplasmic Ca’" induced by
exposure of mouse DRG neurons to P-EPTX-Arla (69 nM) for 4 min (blue). (a) Raw traces of the
response in [ Ca’'; fluorescence levels. (b) The toxin induced an increase in Ca’ in 5, 10 and 10
%, progressively, of neurons in solution from which Ca’* had merely been omitted. (c) When
EGTA (150 uM) was included in the nominally Ca’" free superfusate no cell responded to P-
EPTX-Arla with a rise in cytoplasmic Ca’*. However, when extracellular Ca’* was re-introduced
there was a rapid increase in cytoplasmic Ca’" in all neurons. *P < 0.0001, significantly different
compared to the responses during incubation period with toxin, one-way ANOVA (n = 9-16 mice,
and 12 cells from each mouse).
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Figure 4: Effects of ion channel blockers on the increase in cytoplasmic Ca’* evoked by P-EPTX-
Arla (69 nM) in mice DRG neurons. (a) Blockade of Ca’* channels with w-conotoxin against N-
type, nifedipine against L-type, and agatoxin against P/Q-type Ca’" channels. (b) CPA (10uM), the
endoplasmic reticulum-specific Ca’” ATPase inhibitor, TTX (1uM) which blocks voltage-gated Na™
channels, the cation channel antagonist, SKF 96365 (10 uM), and the NMDA receptors antagonist
MKS801 (1 uM). * P < 0.05, significantly different compared with P-EPTX-Arla alone, one-way
ANOVA (n = 4-18 mice).
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Figure 5: Depolarizing voltage ramps (-110 to 0 or + 20 mV for 200 ms) were applied from a
holding potential of -70 mV. P-EPTX-Arla (0.17 uM) induced an inward current that was
abolished following removal of P-EPTX-Arla (a). Lowering extracellular Na* (35 mM) reversed
the P-EPTX-Arla induced inward current (b). Current-voltage relationship from the voltage ramps
indicates a large Na= contribution to the current activated by P-EPTX-Arla (c). The periodic
transients in (a) and (b) are the responses to voltage ramps and have been truncated for reasons of
clarity (n = 5-8).

90



CHAPTER 4

507

SKF 96365

1 min

Figure 6: P-EPTX-Arla (0.17 uM)-induced inward current was restored to initial conductance by

the application of SKF 96365 (10 uM) (n = 6).
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Figure 7: Current-voltage relationships for the inward current evoked by P-EPTX-Arla in mouse
DRG neurons. Current in normal CI (KCI) patch solution (green) indicated reversal potential —24
+ I3 mV (n = 3). With Cs replacement (blue) or low CI- (Cs,SO,/CsCl) (red) patch solutions,
reversal potentials were recorded at —4 + 12 (n = 2) and -37 £ 7 (n = 16) mV, respectively. A
significant difference in reversal potential was not observed (P > 0.05, one-way ANOVA)
indicating that CI- is not involved.
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HIGHLIGHTS

» ‘Sudden collapse’ after elapid envenoming is a poorly understood cause of mortality.
» Papuan taipan venom induces cardiovascular collapse in anaesthetized rats.

» This effect is inhibited by prior exposure to small priming doses of venom.

» Venom produced relaxation in vascular tissue but was without effect in cardiac tissue.
» Collapse appears to be mediated by the release of endogenous mediators.
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‘Sudden collapse’ following envenoming by some Australasian elapids is a poorly understood cause
of mortality. We have previously shown that Oxyuranus scutellatus venom causes cardiovascular col-
lapse in anaesthetized rats. Prior administration of a sub lethal dose of venom attenuated the response
to subsequent administration of higher (lethal) venom doses. In this study, we investigated the pos-
sible mechanisms mediating this ‘protective effect’. Papuan taipan venom (5 pg/kg, i.v.) produced a
small transient hypotension in anaesthetized rats, while 10 ug/kg resulted in a 73 + 12% decrease in
arterial pressure. Venom (20 pg/kg or 50 pg/kg) produced cardiovascular collapse in all animals tested
(n=12). Cardiovascular collapse by 50 p.g/kg venom was prevented by prior administration of ‘priming’
doses of venom (5, 10 and 20 p.g/kg). Also, prior administration of indomethacin (30 mg/kg, i.v.) or hep-
arin (300 units/kg, i.v.) prevented sudden collapse induced by venom (20 pg/kg). Venom was without
effect in isolated hearts indicating that a direct cardiac effect was unlikely to be responsible for ‘sud-
den collapse’. Venom induced endothelium-dependent and -independent relaxation in pre-contracted
rat mesenteric artery rings which was inhibited by indomethacin, IbTx and Rp-8-CPT-cAMPs. This relax-
ation was markedly reduced upon second exposure. Our results indicate that cardiovascular collapse
induced by O. scutellatus venom may be due to a combination of release of dilator autacoids and to direct
relaxation of vascular smooth muscle involving the cAMP/protein kinase A cascade. Further work will
involve identification of the venom component(s) responsible for this action and may provide insight
into the management of envenomed patients.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Snake bite is an important clinical issue in Australasia (Currie,
2000), and medically important snakes in this region belong to the
family Elapidae. Many of these elapids have highly potent venoms,

Abbreviations: ACh, acetylcholine; ANOVA, analysis of variance; iv., intra-
venous; ip., intraperitoneal; MAP, mean arterial pressure; NO, nitric oxide;
IbTx, iberiotoxin; Rp-8-CPT-cAMPs, 8-(4-chlorophenylthio)adenosine-3',5'-cyclic
monophosphorothioate,Rp-isomer sodium salt.
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based on murine LDs values (Broad et al., 1979). The major clini-
cal syndromes resulting from envenoming by Australasian elapids
include coagulopathy, neurotoxicity and myotoxicity (Ireland et al.,
2010).With modern intensive care, and the early use of antivenoms,
the majority of patients envenomed by snakes have uncomplicated
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hospital admissions and deaths are rare. The majority of deaths
result from an early collapse and associated cardiac arrest. The
pathology of this early collapse is poorly understood. The early col-
lapse often occurs in pre-hospital settings (i.e. in a remote area
or on the way to hospital) within an hour of the bite. In most
cases the collapse is transient and victims often respond well to
basic life support (Johnston et al., 2002). Early collapse has been
most commonly associated with envenoming by brown snakes
(Pseudonaja spp.),and less commonly with taipans (Oxyuranus spp.)
and tiger snakes (Notechis spp.) (Currie, 2000). Although rapid and
severe hypotension following the administration of snake venom
has been described in whole animal experiments, the response has
not been investigated fully. Most studies of Elapid venoms have
focused on their coagulopathic, neurotoxic and myotoxic effects
(Connolly et al., 1995; Isbister et al., 2006; Sutherland et al., 1981;
Wickramaratna et al., 2003). Little work has been done to define
the pathology of ‘sudden collapse’ and a number of different mech-
anisms and toxins have been suggested to be responsible.

Taipans are a highly venomous genus consisting of the inland
taipan (0. microlepidotus), coastal taipan (0. scutellatus) and, more
recently, the Western Desert taipan (0. temporalis). Although the
Papuan taipan (0. s. canni) has been regarded as a separate sub-
species to Australian populations, recent taxonomic studies have
indicated no significant differentiation between the two popula-
tions (Vargas et al., 2011; Wuster et al., 2005).

We have previously reported that Papuan taipan venom
(10 pg/kg, i.v.) produces cardiovascular collapse in anaesthetized
rats. Interestingly, prior administration of a lower dose of venom
(i.e. 5pg/kg), which only caused a small hypotensive response,
enabled the subsequent administration of 10 and 100 p.g/kg venom
without cardiovascular collapse (Crachi et al., 1999). We hypothe-
size that incrementally increasing the dose of venom may prevent
the cardiovascular collapse consequent to release of endogenous
compounds such as histamine and bradykinin as a possible mech-
anism (Myint et al., 1985).

In this study we investigated the pathology of the early collapse
and whether this is mediated primarily in cardiac or vascular tis-
sue. We also aimed to elucidate the mechanism behind the ‘self
protective’ effect of Papuan taipan venom using in vivo and in vitro
experiments in order to understand mechanisms for development
of future treatments.

2. Materials and methods
2.1. Venom preparation and storage

Freeze dried Papuan taipan (0. scutellatus) venom was purchased from Venom
Supplies (Tanunda, South Australia). Venom was dissolved in MilliQ water and
stored at —20°C until required. Thawed solutions were kept on ice during experi-
ments. Stock venom solutions were filter sterilized using a 0.22 p.m membrane and
the protein content determined via a BCA Protein Assay Kit (Pierce biotechnology;
IL, USA) as per manufacturer's instructions.

2.2. Anaesthetized rat preparation

Male Sprague-Dawley rats (250-300g) were anaesthetized with pentobarbi-
tone sodium (60-100 mg/kg, i.p., supplemented as required) (Jurox Pty Ltd., NSW,
Australia). Cannulae were inserted into the trachea, jugular vein and carotid artery,
for artificial respiration (if required), administration of drugs/venom and measure-
ment of blood pressure, respectively. Arterial blood pressure was recorded using a
Gould Statham P23 pressure transducer connected to a Power Lab system. At the
conclusion of the experiment animals were killed by an overdose of pentobarbi-
tone. Pulse pressure was defined as the difference between systolic and diastolic
blood pressures. MAP was defined as diastolic blood pressure plus one-third of pulse
pressure.

Where indicated, 300 units/kg heparin (Tibballs and Sutherland, 1992); 2 mg/kg
mepyramine (Rash et al., 1998) and 5mg/kg atropine (Barrett, 1971) were used
to inhibit coagulation, H1-receptors and muscarinic receptors, respectively. The
concentrations of antagonists/inhibitors were altered and chosen based on previ-
ous experiments. NO production was inhibited by the bolus injection of L-NAME

10 mg/kg (i.v.) (Parkington et al., 2002) and cyclooxygenase production was inhib-
ited by indomethacin 30 mg/kg (i.v.) (Huang, 1984).

2.3. Isolation and study of rat mesenteric artery

Rats (300-400 g) were killed by isoflurane and decapitated, the mesenteric bed
removed and placed in ice-cold physiological saline solution (PSS). The mesenteric
artery was cleared of loose connective tissue and fat, and cut into 1-2 mm lengths. A
stainless steel wire (diameter ~40 p.m)was carefully threaded through the lumen of
each ring and connected to the movable jaw of a wire myograph (Danish MyoTech-
nology). A second wire was threaded through the lumen, and attached to a jaw
connected to the force transducer. Where indicated, the endothelium was removed
by gently rubbing the intimal surface with thin roughened wire. Pre-heated PSS
(5ml)was added to the bath and bubbled with carbogen (95% 0;/5% CO; ) to maintain
a pH of 7.4. The composition of PSS was (mM): NaCl 120; KCI 5; NaHCO; 25; glucose
11; KH;PO4 1.0; MgS04 1.2; CaCl; 2.5. The solution was maintained at 35.5°C. The
solution was changed every 15 min. Incremental increases in tension were applied
until the resting tension was equivalent to ~70 mmHg. An intact endothelium was
confirmed by a maximal relaxation to ACh (10 p.M) in tissues precontracted with a
sub-maximal concentration of phenylephrine (3 M). Discrete additions of venom
were performed with each concentration being investigated in separate tissues.

L-NAME (0.2 mM; Crachi et al,, 1999), indomethacin (10 wM; Crachi et al., 1999)
and mepyramine (1 wM; Krstic et al., 1996; DalBo et al., 2008) were used to inhibit
NO production, prostanoid production and H; receptor activation, respectively. To
investigate the effect of venom on vascular smooth muscle, the endothelium was
removed and IbTx (0.1 .M) was used to block large-conductance Ca®*-activated K*
channels (Parkington et al., 2002; Lin et al., 2010), and Rp-8-CPT-cAMPs (10 uM) to
block protein kinase A (PKA).

2.4. Langendorff heart preparation

Rats were anaesthetized with 60-100 mg/kg pentobarbitone and then injected
with heparin (5000U in 0.2 ml). Hearts were removed and placed in cold Ca?*-free
PSS. The heart and the aortic arch were cleared of surrounding tissues, the pul-
monary vein perforated to allow free perfusion of the heart and the heart mounted
on a Landendorff apparatus (ML870B2 Langendorff System, ADInstruments, Bella
Vista, NSW, Australia). The heart was perfused through the aorta and coronary sinus
with PSS (36 °C) of the following composition: NaCl 118; KCl 4.7; NaHCO; 25; glu-
cose 11; KH;PO4 1.2; MgS04 1.2; CaCl; 1.2mM. The flow was gradually increased
to 6-8 ml/min and then a Millar pressure catheter (Millar instruments Inc.) was
introduced into the left ventricle through a small puncture at the junction of the
left atrium and ventricle, and connected to a Power Lab system (ADInstruments).
Perfusion pressure was monitored via a pressure transducer in the perfusion line.
Perfusion pressure was clamped at 65 mmHg, and the preparation left to equilibrate
for 20 min.

2.5. Chemical and drugs

The following drugs and solutions were used: histamine HCl, phenyle-
phrine HCl, N-nitro-L-arginine methylester (L-NAME), Rp-8-pCPT-cAMPs, IbTx and
indomethacin, all from Sigma Chemical Co. (St. Louis, MO, USA); and mepyramine
maleate (May & Baker, Dagenham, UK); heparin sodium (Hospira, VIC, Australia).

2.6. Data analysis and statistics

Statistical analysis was performed using Prism 5.0 software (GraphPad Software,
San Diego, CA, USA). Student's unpaired t-test was performed on venom responses in
the presence of venoms in different animals and tissues, and paired t-tests were used
to compare responses before and after venom/agonist in the same tissues. Multiple
comparisons were made using a one-way analysis of variance (ANOVA) followed by
Tukey's multiple comparison test. A two-way ANOVA was performed on the data
from the rat mesenteric artery in the presence and absence of endothelium. Values
of P<0.05 were accepted as significant. Data were expressed as mean + SEM.

2.7. Animal ethics

All animal experiments used in this study were approved by the SOBS-B Monash
University Animal Ethics Committee.

3. Results
3.1. Anaesthetized rats

3.1.1. Cardiovascular collapse - single doses

In separate experiments, O. scutellatus venom (20 pg/kg or
50 pg/kg, i.v.) caused rapid cardiovascular collapse, as defined by
the absence of recordable blood pressure (Fig. 1a), when admin-
istered to anaesthetized rats (Fig. 2a, n=6). However, venom did
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Fig. 1. (a) Effect of saline (at time point 1) or O. scutellatus venom (20 pg/kg, i.v., at
time point 2) on mean arterial pressure (MAP) in an anaesthetized rat. (b) Sequential
addition of venom in the same anaesthetized rat (5, 10, 20 and 50 pg/kg, i.v., added
at time points 1, 2, 3 and 4, respectively) on MAP.

not significantly affect heart rate as indicated by a comparison of
heart rate immediately prior to venom addition and then again at
the time point where MAP had decreased by 50% (Fig. 2b, n=3-11).
Lower doses of venom caused either a small hypotensive effect (i.e.
5 ng/kg, 6+ 1%, n=9)or amore marked effect (i.e. 10 ug/kg,
73 +12% ,n=6, Fig. 2a) without cardiovascular collapse.

3.1.2. Cardiovascular collapse - multiple doses

When the larger doses (20 pug/kg or 50 ug/kg) of O. scutel-
latus venom were added following a small priming dose of
5 ng/kg or 10 pg/kg, the large dose failed to produce collapse but
induced mild-moderate hypotension ( i.e. 20 pwg/kg, 27 £3%
and 50 pg/kg, 43 +£7%,n=38, Figs. 1band 2). The priming dose
only prevented cardiovascular collapse when given 30 min prior to,
but not 1 h prior to, the administration of the larger dose of venom
which caused collapse.

To examine the effect of ‘priming’ doses on cardiovascular col-
lapse, multiple additions of 5 pg/kg were administered prior to the
administration of 50 pug/kg i.e. a dose which, when administered
alone, produced collapse in 100% of rats tested (n=6). Neither 3
nor 4 discrete additions of 5 wg/kg prevented collapse induced by
subsequent administration of 50 p.g/kg (n=>5, Table 1). However, 5
discrete additions of 5 ug/kg were successful in preventing collapse
by subsequent administration of 50 pg/kg (n=4, Table 1).

3.1.3. Effects of antagonists on cardiovascular collapse

After prior administration of indomethacin (30 mg/kg, i.v., n=8)
or heparin (300U/kg, i.v., n=7), O. scutellatus venom (20 p.g/kg,
i.v.) still produced a marked hypotensive effect ( 74+ 6% or
42 +10% ,respectively), but collapse did not occur. In contrast,
cardiovascular collapse was not prevented by prior administration
of atropine (5mg/kg, i.v., n=4), L-NAME (10mg/kg, i.v., n=4) or
mepyramine (2 mg/kg, i.v., n=6) (Fig. 3, P>0.05, one-way ANOVA).
The ‘protective’ effect of heparin (300 U/kg, i.v.) was not potentiated
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Fig. 2. (a)Effect of O. scutellatus venom after single injection (5, 10, 20 and 50 p.g/kg,
iv, n=6-9) in different rats and sequential addition of venom (5, 10, 20 and
50 pg/kg, i.v., n=8) in the same rat on MAP. *P<0.05, significantly different from
single injection, Student’s unpaired t-test. (b) A comparison of heart rate before and
after (measured at the point when MAP had decreased by 50%) single injection (5,
10, 20 and 50 p.g/kg, i.v., n=3-11) in different rats, of 0. scutellatus venom.

by concomitant administration of mepyramine (2mg/kg, i.v.)
(i.e. 25+£10% , n=4, P=0.345, two-way ANOVA, Fig. 3).
Mepyramine (2 mg/kg, i.v.) significantly inhibited the hypotensive
response to histamine (5 pg/kg, i.v.; n=6; P<0.05, paired t-test)
confirming the efficacy of this dose (data not shown).

3.2. Isolated mesenteric artery

Venom (3-10 pg/ml) induced almost complete relaxation (97%)
in isolated phenylephrine pre-contracted mesenteric arteries
(Fig. 4). The relaxation was markedly diminished on second addi-
tion of the venom in the same preparation (Fig. 4a, n=5, P<0.05,
Student’s paired t-test). In endothelium denuded arteries, the dose-
relaxation curve was significantly shifted to the right (Fig. 4b,

g 0 [ Venom 20 ug/kg

% 25 § [ heparin 300 units/kg

s § mepyramine 2 mg/kg
£ 50 \ [ heparin+mepyramine
[} * \

2 § atropine 5 mg/kg

¢ 75 § L-NAME 10 mg/kg

8 100 § indomethacin 30 mg/kg

Fig. 3. The effect of O. scutellatus venom (20 pg/kg, i.v., n=6) alone and in the
presence of heparin (300 units/kg, i.v., n=7), mepyramine (2 mg/kg, i.v.,, n=3) or
a combination of heparin and mepyramine (n=4); atropine (5 mg/kg, i.v.,, n=4), L-
NAME (10 mg/kg, i.v., n=4), or indomethacin (30 mg/kg, i.v., n=8) on MAP. *P<0.05,
significantly different from venom alone, one-way ANOVA.
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Table 1

Sudden collapse after a single dose versus sequential priming doses of 0. scutellatus venom.
Group (s) Number of collapse % collapse
0. scutellatus venom 50 p.g/kg, i.v. single injection in different rats 100 (n=6)
Sequential addition of O. scutellatus venom 5, 10, 20 and 50 p.g/kg, i.v., in same rat 0 0(n=8)
Sequential addition of O. scutellatus venom 5 p.g/kg, i.v., 3 times prior 50 p.g/kg, i.v. in same rat 5 100 (n=5)
Sequential addition of O. scutellatus venom 5 p.g/kg, i.v., 4 times prior 50 p.g/kg, i.v. in same rat 3 60 (n=5)
Sequential addition of O. scutellatus venom 5 p.g/kg, i.v., 5 times prior 50 p.g/kg, i.v. in same rat 0 0(n=4)

n=4-5, P<0.05, two-way ANOVA). However, a concentration-
dependent relaxation persisted in denuded arteries, demonstrating
a significant direct effect of venom on vascular smooth muscle
(Fig. 4b, n=4-5, P<0.05, two-way ANOVA).

The relaxant effects of venom (10 p.g/ml) on endothelium-intact
arteries were significantly inhibited by indomethacin (10 M)
(Fig. 5a, n=5-6, P<0.05, one-way ANOVA) but not by L.-NAME
(0.2mM, n=>5) or mepyramine (1 M, n=5) (Fig. 5a).

In endothelium-denuded arteries, the relaxant effect of venom
(10pg/ml, n=10) was significantly reduced by indomethacin
(10 M, n=10), 8-CPT-cAMP-RPI (10 tM, n=5), IbTx (0.1 pM, n=9)
(Fig. 5b, P<0.05, one-way ANOVA) and prior administration of a
dose of venom (10 pg/ml, n=5, data not shown).

In separate experiments, the effect of venom on endothelial cell
function was examined. An ACh concentration-relaxation curve
was performed followed by 30 min rest. Then 10 pug/ml of venom
was applied for 10 min and, following 30 min equilibrium, a second
ACh concentration-relaxation curve was performed. Endothelium-
dependent relaxations to ACh were identical before and following
venom exposure (n=5, Fig. 6).
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Fig. 4. (a) Relaxation effects of a 2nd addition of O. scutellatus venom on
endothelium-intact rat ic arteries (n=4-5), *P<0.05, is significantly dif-
ferent from the 1st addition, Student's paired t-test. (b) Relaxant effect of venom
(1-10 pg/ml) on relaxation of pre-constricted mesenteric artery ring in the pres-
ence and absence of the endothelium (n=4-5). *P<0.05, is significantly different,
two way ANOVA.
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Fig. 5. (a) Relaxation effects of 0. scutellatus venom (10 pug/ml) on endothelium-
intact rat mesenteric arteries in control solution and in the presence of mepyramine
(1M, n=5); indomethacin (10 .M, n=6) or L-NAME (0.2 mM, n=5). (b) Relaxation
effects of 0. scutellatus venom (10 p.g/ml) on the endothelium-denuded rat mesen-
teric arteries in the presence of indomethacin (10 M, n=10), Rp-8-CPT-cAMPs
(10 uM, n=5) or IbTx (0.1 M, n=9). *P<0.05, significantly different, one-way
ANOVA.

3.3. Heart function (Langendorff heart)

Venom (20-100 p.g) had no significant effects on heart rate or
left ventricular developed pressure (LVDP) in isolated Langendorff
heart preparations (n=3-4, Fig. 7), indicating the apparent absence
of direct cardiotoxic components in the venom.

4. Discussion

Sudden collapse following snake envenoming is an uncommon
but life-threatening phenomenon. The mechanism(s) behind this
effect are unknown although it has been postulated that intravas-
cular coagulation contributes to the collapse (Tibballs et al., 1989,
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Fig. 6. Concentration relaxation curves to ACh obtained before and after addition
of venom (10 pg/ml; n=5).
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Fig. 7. (a) Effect of O. scutellatus venom (100 p.g) on perfusion pressure, left ven-
tricular developed pressure (LVDP), coronary flow and heart rate (HR), and (b) of 0.
scutellatus venom (20-50 p.g) on LVDP in isolated Langendorff heart preparations
(n=3-4).

1992). However, other hypotensive components found in snake
venoms can have a profound effect on the cardiovascular system
and remain as potential candidates (Hodgson and Isbister, 2009).

We have previously shown that Papuan taipan venom at
10 pg/kg causes a large rapid hypotensive response and cardio-
vascular collapse in anaesthetized rats. The ‘collapse’ was not
prevented by artificial respiration, indicating that it is not due
to respiratory failure via the action of the numerous neurotoxins
present in the venom. The hypotensive response was markedly
attenuated by prior application of a single small, 5 pg/kg, ‘prim-
ing’ dose of venom (Crachi et al., 1999). In the current study we
have extended observations to a supramaximal dose of venom,
50 pg/kg. While three discrete injections of 5 p.g/kg were not pro-
tective against 50 p.g/kg, five discrete applications of 5 pg/kg (i.e.
a total 25 pg/kg) were ‘protective’. Thus, it appears that multiple
‘priming’ doses of venom show a ‘threshold’ point beyond which
even a supramaximal dose (e.g. 50 pg/kg) no longer causes ‘col-
lapse’. This indicates that the collapse may be due to the release of
endogenous mediators which can be depleted by incremental addi-
tion of sublethal amounts of venom, or that a ‘resistance’ can be
achieved by the incremental addition (i.e. a tachyphylactic effect)
(Adamsetal., 1981).Interestingly, the protective effect of the ‘prim-
ing’ doses is transient (i.e. up to about 30 min) and fails to protect
when given 1h after the priming dose. This supports a role for a
depletable mediator in this effect, and indicates that the endoge-
nous substance involved is restored over a period of time.

The protective effects of small doses of venom were explored
further. Atropine, .-NAME and mepyramine were unable to pre-
vent collapse suggesting that acetylcholine, nitric oxide (NO)
and histamine, respectively, are not major mediators in the
collapse. Indomethacin prevented cardiovascular collapse and
death, although only reducing the hypotensive effects by approx-
imately 25%. This indicates that cyclooxygenase metabolites (e.g.
prostaglandins, prostacyclin and/or thromboxane) may contribute.
Indeed, PLA; enzymes are common components of many snake
venoms and contribute to a range of activities (e.g. neurotoxic-
ity, myotoxicity and coagulopathy). PLA; fractions from sand viper
(Vipera ammodytes) (Sket and Gubensek, 1976) and cobra (Naja
naja) venoms (Cicala and Cirino, 1993) have been shown to cause
hypotension in anaesthetized rats. The hypotensive effect induced
by aPLA; component isolated from Viperarusselliwas also inhibited
by indomethacin (Ho and Lee, 1981; Huang, 1984).

Pretreatment with heparin also inhibited the collapse induced
by Papuan taipan venom. While this would appear to support
earlier reports that intravascular coagulation contributes to the
collapse (Tibballs et al., 1989, 1992), interpretation of our data is
complicated by the fact that heparin has been reported to inhibit
histamine release from canine mast cells (Inase et al., 1993). There-
fore, the effects of heparin observed in the current study possibly
relate to the inhibition of release/synthesis of a range of vasoac-
tive mediators including histamine. Further work is required to
determine if consumptive coagulopathy contributes to the early
collapse.

We have previously reported that Papuan taipan venom causes
endothelium-independent relaxation in rat aortic rings. This effect
was independent of nitric oxide and was not mediated by cyclooxy-
genase metabolites (Crachi et al., 1999). A previous study has
suggested that PLA; contributes to hypotension through a complex
mechanism that may involve a direct action of PLA; on endothe-
lial cells (Cicala and Cirino, 1993). In the present study, the effects
of Papuan taipan venom on resistance arteries (i.e. rat mesen-
teric arteries) were examined. The venom did not appear to have
an adverse effect on endothelial cells as evidenced by a lack of
effect of venom exposure on relaxation responses to ACh. In addi-
tion, removal of the endothelium reduced the venom-induced
relaxation by about half, demonstrating that the venom possesses
both endothelium-dependent and -independent relaxing effects.
Indomethacin inhibited relaxation in both endothelium intact and
-denuded arteries suggesting the involvement of prostaglandins
produced in both endothelial and smooth muscle cells. This result
correlates to the data from in vivo experiments which confirm
the involvement of prostaglandin production rat cardiac collapse.
The prostanoids prostaglandin E; (acting via EP2 and 4 receptors)
and prostacyclin (PGIy) cause relaxation via the cAMP/PKA cas-
cade (Catalan et al., 1980). Blockade of PKA using Rp-8-CPT-cAMPs
abolished the indomethacin-sensitive component of relaxation.
Relaxation was also markedly reduced by IbTx, a selective blocker
of large-conductance Ca*-activated K* channels, which may also
be involved in PKA induced relaxation in vascular smooth mus-
cle. A previous study suggests that injection of PGI, in vivo can
cause rapid cAMP depletion in neurons of rats (Schmid et al., 1987)
and this supports the depletion of vascular mediators after second
addition of venom.

The progressive cardiovascular failure induced by Gaboon viper
venom may be due to damage to the endoplasmic system and/or
intracellular calcium movement e.g. increase of calcium efflux in
cardiomyocytes (Marsh et al., 1979). However, our isolated heart
experiments failed to detect any adverse effect of venom on heart
rate or mean ventricular pressure.

In conclusion, in vivo administration of Papuan taipan can
produce sudden cardiovascular collapse which is similar to the
early collapse seen in human envenomation. This collapse can be
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prevented by prior administration of sublethal doses of venom
indicating the likely release of endogenous factors which can be
depleted. In addition, a marked decrease in blood pressure appears
to be mediated by an effect on the vasculature rather than on car-
diac tissue. Fractionation of the venom will allow us to isolate and
characterize the toxins responsible for these effects.
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CHAPTER 5

1. Introduction

The present study raised interesting questions regarding the potential ‘protective effect’ of
antivenom and histamine receptor antagonists on snake venom-induced cardiovascular collapse.
Therefore, addition experiments were carried out. This additional work was not included in the

manuscript published in Toxicology Letters.

2. Materials and Methods (continued)
2.1 Sodium dodecyl sulphate (SDS)-PAGE

Electrophoresis was performed according to Laemmli (1970). O. scutellatus venom (20
ug) was resolved on a 15% SDS-PAGE under reducing conditions (5% B-mercaptoethanol in
Laemmli’s sample buffer (62.5 mM Tris-hydrochloride, 25% glycerol, 2% SDS, 0.01%
bromophenol blue). All samples were heated for 5 min at 95°C prior to resolving on SDS-PAGE.
Protein bands were visualized by staining with BioSafe Coomassie G-250 solution (Bio-Rad
Laboratories; Hercules, CA USA), followed by de-staining in distilled water. Gel image was

captured utilizing Typhoon Trio scanner (GE Healthcare; Uppsala, Sweden).

2.2 Western blot

Venom (20 pg) proteins were resolved on a 15% SDS-PAGE and transferred onto a PVDF
membrane. The membrane was then incubated with 5% skim milk in TBST (20 mM Tris, 0.5 M
NaCl, 0.5 % Tween-20) to prevent non specific binding. The membrane was then incubated with
primary antibody (CSL polyvalent snake antivenom or taipan antivenom diluted 1:500-fold in
TBST with 5% skim milk) and allowed to incubate overnight at 4°C. Immunoreactive bands
were visualized using appropriate secondary antibodies (goat-anti-horse-IgG-HRP, Santa Cruz
biotechnology, TX, USA) and ECL™ Western Blotting Detection Reagent (GE Healthcare,

Uppsala, Sweden).

2.3 Anaesthetized rat preparation

As per the manuscript.
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2.4 Isolation and study of rat mesenteric artery

As per the manuscript.

2.5 Chemicals and drugs

The following chemicals were purchased from Bio-Rad Laboratories, Hercules, CA, USA;
30% acrylamide-base, beta-mercaptoethanol, Coomassie G250, Laemmli sample buffer, skim milk
and sodium dodecyl sulphate (SDS).

The following chemicals were purchased from Sigma-Aldrich, St. Louis, MO, USA;
Bromophenol blue, TEMED (N,N,N’,N -tetramethylethylenediamine), Tris- hydrochloride and H-
89. Goat anti-horse IgG-HRP (Santa Cruz biotechnology, CA, USA) and Polyvalent snake

antivenom (CSL Ltd., Melbourne, Australia) were also used.

2.6 Analysis of Results and Statistics

As per the manuscript.

3. Results
3.1 SDS-PAGE and Western blot

SDS-PAGE analysis indicated that O. scutellatus venom is comprised of protein bands
ranging from 10 kDa to 200 kDa (Figure 1, lane A). Western blot analysis using CSL polyvalent
snake antivenom (Figure 1, lane B), and CSL taipan antivenom (Figure 1, lane C) showed that both
antivenoms were able to detect the majority of the protein bands in the venom. There was no

apparent difference between polyvalent snake antivenom and taipan antivenom.
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Figure 1: SDS-PAGE of O. scutellatus venom (lane A), Western blot of O. scutellatus venom with
CSL polyvalent snake antivenom (lane B), Western blot of O. scutellatus venom with CSL taipan

antivenom (lane C).
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Figure 2: The effect of O. scutellatus (20 ug/kg, i.v.) venom in anaesthetized rats in the presence of
(a) CSL polyvalent snake antivenom (500 units/kg, i.v.) or (b) CSL polyvalent snake antivenom
(1000 units/kg, i.v.).

103



CHAPTER 5

3.2 Anaesthetized rat experiments
3.2.1 The protective effect of polyvalent snake antivenom on sudden cardiovascular collapse
following administration of O. scutellatus venom

Prior administration of 500 or 1000 units/kg of CSL polyvalent snake antivenom (i.v.,
Figures 2a and 2b) prevented O. scutellatus-induced early cardiovascular collapse. However, only
the administration of 1000 units/kg of CSL polyvalent snake antivenom significantly inhibited the

decrease in MAP following the administration of the venom (P < 0.05, one-way ANOVA, Figure

3).

— (5/5) (0/3) (0/3)
2 -
o 201
<C

= 401
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&

8 80-
5 100+
8 120-

] O. scutellatus venom 20 ug/kg (n = 5)
B8 O. scutellatus venom 20 ug/kg+Poly AV 500 units/kg (n = 3)
Bl O. scutellatus venom 20 ug/kg+Poly AV 1000 units/kg (n = 3)

Figure 3: The effect of O. scutellatus venom (20 ug/kg, i.v.) in the presence or absence of CSL
snake polyvalent antivenom (500-1000 units/kg, i.v., bolus injection) on MAP, * P < .05,
significantly different from venom alone (one-way ANOVA). (In brackets represents the number of
animal presenting cardiovascular collapse/ number of total animal in each group).
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3.2.2 Effect of histamine and 5-HT receptor antagonists on sudden cardiovascular collapse
The administration of methysergide (n = 3), or the combination of cimetidine and
mepyramine (7 = 7), 15 min prior to the injection of O. scutellatus venom (20 pg/kg) failed to

inhibit sudden cardiovascular collapse (Figure 4).

(5/5) (3/3) (4/7)

<
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Decrease in MAP (%)

[ O. scutellatus venom 20 ug/kg (n = 5)
@@ O. scutellatus venom+methysergide 2 mg/kg (n = 3)

@l O. scutellatus venom+mepyramine (2 mg/kg)
+cimetidine (2 mg/kg) (n=7)

Figure 4: The effect of O. scutellatus venom (20 ug/kg, i.v) on anaesthetized rats in the presence
or absence of methysergide (2 mg/kg, i.v.) or a combination of cimetidine and mepyramine (2
mg/kg, i.v.) (In brackets represents the number of animal presenting cardiovascular collapse/
number of total animal in each group).
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3.3 Effect of H-89 on relaxant effect induced by O. scutellatus venom
The addition of the PKA inhibitor, H-89 significantly attenuated the relaxation produced
by O. scutellatus venom on endothelium-denuded rat mesenteric artery rings (P < 0.05, Student’s

unpaired z-test, Figure 5).
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Figure 5: The effect of O. scutellatus venom (10 ug/ml) on endothelium-denuded rat mesenteric
artery rings in the absence or presence of H-89 (4 mM). * P < 0.05, Student’s unpaired t-test,
n=06.

4. Discussion (continued)

Further discussion concerning this additional data is included in the General Discussion

(Chapter 9).
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Abstract

Phospholipase A, (PLA;) toxins are common and abundant components of Australasian elapid
venoms. These toxins are associated with a range of activities including neurotoxicity, myotoxicity
and coagulation disturbances. We have recently reported that sudden cardiovascular collapse
induced by Papuan taipan (Oxyuranus scutellatus) venom involves a combination of the release of
dilator autacoids and a direct effect on the smooth muscle. In this study, we aimed to isolate PLA,
components from Papuan taipan venom and investigate their contribution to the hypotensive action
of this venom. O. scutellatus venom was fractionated using size-exclusion high performance liquid
chromatography (HPLC). Venom fractions were screened for activity in anaesthetized rats.
Fraction 3 from O. scutellatus venom (i.e. OSC3, 14.2 £ 1.0 % of whole venom) produced a 64 %
decrease in mean arterial pressure. Reverse-phase HPLC indicated that OSC3 consisted of 2 major
components (OSC3a and OSC3b). OSC3a and OSC3Db produced a significant hypotensive response
in anaesthetized rats which were attenuated by prior administration of indomethacin. N-terminal
analysis indicated that OSC3a and b displayed sequence homology to PLA, toxins isolated from
coastal taipan (O. scutellatus scutellatus) venom. These findings indicate that PLA, components
may play an important role in the development of hypotension and vascular relaxation which may

contribute to the effects observed after envenoming by Australasian elapids.

Keywords: vascular relaxation, hypotension, venom, anaesthetized rat, mesenteric artery

Abbreviations: ACh, acetylcholine; i.v., intra venous; i.p., intra peritoneal; MAP, mean arterial
pressure; IbTX, iberiotoxin; 8-pCPT-cAMP-RPI, §8-(4-chlorophenylthio)adenosine-3’, 5’-cyclic

monophosphorothioate, Rp-isomer sodium salt; PLA,, Phospholipase A,
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1. Introduction

Snake venoms are a complex mixture of biochemical compounds affecting vital
physiological mechanisms that have evolved to assist in prey capture and digestion. Human
systemic envenoming by Australasian elapids may result in a range of clinical outcomes including
neurotoxicity, myotoxicity and coagulation disturbances (Isbister et al., 2008). Of the different
classes of toxins that are responsible for the clinical effects observed after envenoming, toxins with
a direct or indirect effect on the cardiovascular system are among the least well studied groups

from Australasian elapid snake venoms.

Phospholipase A, (PLA,) enzymes hydrolyze the sn-2 acyl bond of glycerophospholipids
with the release of lysophospholipid and fatty acids (Kini, 2003). PLA, toxins are common
components of snake venoms that can cause a range of different effects, including neurotoxicity
(Chaisakul et al., 2010), myotoxicity (Wickramaratna et al., 2003) and hypotension in animal

models (Cicala and Cirino, 1993).

Early hypotension following snakebite has been postulated to involve the formation of
highly active mediators e.g. bradykinin (Ferreira and Habermehl, 1997), histamine (Fearn et al.,
1964) and dilator autacoids (Huang, 1984b). Isolated PLA, toxins from the venom of Vipera
russelli (Huang, 1984a) and Naja mozambique mozambique (Cicala and Cirino, 1993) cause
marked hypotension in rats which involves the production of prostacyclin (Huang, 1984a) and the
interaction of platelets and leucocytes (Cicala and Cirino, 1993), respectively. In addition, sudden
cardiovascular collapse following envenoming by some Australasian elapids (Pseudonaja textilis,
Notechis scutatus) has been suggested to be due to vascular occlusion in major arteries following

the induction of a prothrombin activator (Tibballs, 1998; Tibballs et al., 1992).

We have previously documented the profound hypotensive effects of O. scutellatus (Papuan
taipan) venom in rats. In addition, O. scutellatus venom reversed Bay K8644-induced aortic
smooth muscle contraction indicating the likely involvement of L-type Ca>" channels in this effect

(Crachi et al., 1999). In a subsequent study, O. scutellatus venom failed to affect rate and force in
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an isolated Langendorff heart preparation (Chaisakul et al., 2012). However, the venom caused
relaxation of pre-contracted rat mesenteric arteries, an effect which was antagonized by
indomethacin, IbTX and 8-pCPT cAMP-RPI. This suggests the involvement of dilator autacoids
and a direct relaxing effect on vascular smooth muscle associated with the cAMP/protein kinase A

(PKA) cascade (Chaisakul et al., 2012).

Cardiovascular toxicity following envenoming by Australasian elapids is a cause of
mortality and morbidity in Papua New Guinea (Lalloo et al., 1997) and some areas of Australia
(Johnston et al., 2002). However, there has been limited characterization of the cardiovascular
components of these venoms. In the current study, we aimed to isolate and characterize the PLA,
components of O. scutellatus venom that are responsible for, or contribute to, the cardiovascular
effects of this venom. This work will provide insight into the mechanism behind the clinical effects

of this venom.

2. Materials and methods

2.1 Venom preparation

Lyophilized Papuan taipan (O. scutellatus; Merauke, Irian Jaya) venom was purchased from
Venom Supplies (Tanunda, South Australia). Venom was dissolved in Milli-Q H,O. Insoluble
material was removed by centrifugation at 10,000 x g at room temperature for 8 min. The
supernatant was filter sterilized using a 0.22 um membrane and applied to size-exclusion high
performance liquid chromatography (HPLC). The protein content of isolated compound was
determined using a BCA protein assay kit (Pierce biotechnology; Illinois, USA) as per

manufacturer’s instruction.

2.2 Chromatography
Both size-exclusion and reverse phase- (RP) HPLC were performed using a Shimadzu

(Kyoto, Japan) HPLC system (LC-10ATvp pump and SPD-10AVP detector).
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2.2.1 Size-exclusion HPLC

Size-exclusion HPLC was utilized to isolate component of the venom. Venom (3 mg) was
applied to a Superdex G-75 column (13 pm; 10x300mm; GE Healthcare, Buckinghamshire, UK)
equilibrated with ammonium acetate buffer (0.1 M; pH 6.8). The sample was eluted at a flow rate
of 0.5 ml/min and the output was monitored at 280 nm. The fractions were collected and pooled,
frozen at -80°C and then freeze-dried to remove the solvent. Screening for the hypotensive effects

of each fraction was performed in anaesthetized rats as per section 2.5.

2.2.2 Reverse phase-HPLC

Following screening in the anaesthetized rat preparation, fractions of O. scutellatus obtained
from size-exclusion HPLC as described in 2.2.1 were dissociated into their subunits using RP-
HPLC. Samples (100 pg) were reconstituted in Milli-Q water and applied to a Phenomenex
(Torrance, CA, USA) Jupiter analytical C18 column (150 mm x 2 mm; 5 um; 300 A) after
equilibrating with solvent A (0.1% trifluoroacetic acid, TFA). The sample was eluted under the
following gradient conditions: solvent B (90% acetonitrile in 0.09% TFA): 0 to 20% over 5 min,
20 to 60% for 5-40 min and then 60 to 80% for 40-45 min at a flow rate of 0.2 ml/min. The eluent
was monitored at 214 nm. Fractions were collected, frozen at -80°C and then freeze-dried. Freeze-
dried components were reconstituted with Milli-Q water and protein content determined using
BCA protein assay kit. Fractions containing high protein concentration (= 0.1 mg/ml) were further

investigated for molecular mass and N- terminal amino acid sequence.

2.3 Mass Spectrometry

Molecular masses were identified using MALDI-TOF as described previously (Chaisakul et
al., 2010). Mass spectrometry analysis was performed using an Applied Biosystems (Foster City,
CA, USA) 4700 TOF TOF Proteomics Analyser. The instrument was operated in positive polarity
in linear mode using a-cyano-4-hydroxycinnamic acid (CHCA) matrix (Agilent Technologies, Palo

Alto, CA, USA) for low-resolution protein analysis. Matrix (0.5 pl) was spotted on the sample
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plate and allowed to air-dry; sample (0.5 ul) diluted in acetonitrile/water (1:1) containing 0.1%
(v/v) formic acid was subsequently spotted on dried matrix and allowed to air-dry. Data from 2000
laser shots (337-nm nitrogen laser) were collected, and the signal was averaged and processed with

the instrument manufacturer’s 4000 series Data Explorer software.

2.4 N-Terminal Amino Acid Sequence Determination

Toxins obtained from RP-HPLC were loaded into the sequencing chamber of a Procise N-
terminal amino acid sequencer (Applied Biosystems). Amino acid sequence was determined
(Edman degradation, phenylthiohydantoin derivatization chemistry, and separation of derivatized

amino acids by RP-HPLC) using the manufacturer’s recommended methods and reagents.

2.5 Anaesthetized rat preparation

All procedures were approved by the MARP Animal Ethics Committee, Monash
University. Male Sprague-Dawley rats (250-360 g) were anaesthetized with pentobarbitone (80-
100 mg/kg, i.p.) which was supplemented as required. Cannulae were inserted into the trachea,
jugular vein and carotid artery, for artificial respiration (if required), administration of toxins and
measurement of blood pressure, respectively. Arterial blood pressure was recorded using a Gould
Statham P23 pressure transducer connected to a PowerLab system. Mean arterial pressure (MAP)
was defined as diastolic blood pressure plus one-third of pulse pressure (i.e. systolic minus
diastolic blood pressures). At the conclusion of the experiment rats were killed by an overdose of
pentobarbitone (i.v.).

As indicated, several antagonists have been administered 10 min prior the administration
of PLA, compounds. Concentration of each antagonist was referred from the previous study

(Chaisakul et al., 2012).
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2.6 Rat mesenteric artery preparation

Rats (300-400 g) were killed by isoflurane and decapitated, the mesenteric bed removed
and placed in ice-cold physiological saline solution (PSS). Lengths of mesenteric artery (1-2 mm)
were studied in a wire myograph (Danish MyoTechnology) as described previously (Mazzuca et
al., 2010). When required, the endothelium was removed by gently rubbing the intimal surface
with thin roughened wire. Pre-heated PSS (5 ml) was added to the bath and bubbled with carbogen
(95% 0,/5% CO,) to maintain a pH of 7.4. The composition of PSS was as follows (mM): NaCl
120; KCI 5; NaHCOy4 25; glucose 11; KH,PO,4 1.0; MgSOy; 1.2; CaCl, 2.5. The solution was
maintained at 35°C. The solution was changed every 15 min. Incremental increases in tension were
applied until the resting tension was equivalent to ~70 mmHg. The integrity of the endothelium
was confirmed by a maximal relaxation to acetylcholine (ACh, 10 uM) in tissues precontracted
with a sub-maximal concentration of phenylephrine (3 pM). Venom fractions were added

discretely with only one concentration (10 pg/ml) examined in each tissue.

2.7 Determination of PLA; Activity

PLA, activities of the hypotensive components were determined using a secretory PLA,
colorimetric assay kit (Cayman Chemical, USA, Cat No. 765001) as described previously
(Chaisakul et al., 2010). In the assay, 1, 2-dithio analogue of diheptanoyl phosphatidylcholine was
used as a substrate for PLA, enzymes. Free thiols generated following the hydrolysis of the
thioester bond at the sn-2 position by PLA,; are detected using 5, 5’-dithio-bis(2-nitrobenzoic acid
(DTNB). Changes in color were monitored at 405 nm in a fusion a microplate reader (Perkin-
Elmer, MA, USA), sampling every min for a 5 min period. PLA, activity was expressed as

micromoles of phosphatidylcholine hydrolyzed per min per mg of enzyme.

2.8 Procoagulant assay
Frozen human disease-free plasma (Australian Red Cross Blood Bank) was thawed and
warmed at 37°C. Tris-buffered saline (TBS) (100 pL/well) was used as control (TBS alone) as well

as a buffer. Stock solutions of O. scutellatus venom and PLA, fractions (10-20 pg/ml; 100 pL)
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were added to separate initial wells and serially diluted six times (1:2 dilution) yielding a
venom/toxin concentration range of 0.3 to 20 pg/ml in a 96 well microtiter plate. CaCly; 0.2 M; 50
pL/mL plasma, was added to the plasma and was simultaneously added to each well (100 uL
plasma/well) using a multichannel pipette. Kinetic absorbance was measured at 37 C every 30 s for
20 min at 340 nm using the BMG Fluostar Omega plate reader (BMG LABTECH, Australia). As
previously described, a 0.02 increase in optical density (OD), from the average of the first two
absorbance measurements, was used to indicate the commencement of clotting (Lane et al., 2011;

O'Leary and Isbister, 2010).

2.9 Statistics

Student’s unpaired t-tests were performed on responses to venom fractions in different
animals and tissues, and paired z-tests were used to compare responses before and after the
administration of toxin in the same animal. Multiple comparisons were made using a one-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. Data were
expressed as mean £ SEM. Statistical significance was accepted when P < 0.05. All statistical

analysis was performed using Prism 5.0 software (GraphPad Software, San Diego, CA, USA).

2.10 Chemicals and drugs

The following drugs and solutions were used: ammonium acetate, ACh, indomethacin,
phenylephrine HCI, all from Sigma Chemical Co. (St Louis, MO, USA), heparin sodium (Hospira,
VIC, Australia), trifluoroacetic acid (Auspep, Melbourne, Australia), acetonitrile (Merck,

Darmstadt, Germany), mepyramine maleate (May & Baker, Dagenham, UK).
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3. Results
3.1 Effect of isolated fractions on anaesthetized rat

Size exclusion HPLC analysis of O. scutellatus venom indicated the presence of 8 distinct
peaks (Figure la). These peaks were individually collected and tested for activity in the
anaesthetized rat preparation. Peaks 3 and 4 induced a transient hypotensive response (i.e. 64% and
43% decrease in MAP for peaks 3 and 4, respectively) with the former producing the largest fall in
MAP. As such, this peak (subsequently named OSC3) was chosen for further study. OSC3

represented 14.2 = 1.0 % (n = 4) of the whole venom profile from size-exclusion HPLC analysis.

Administration of OSC3 (50 pg/kg, i.v.; Figure 1b) reduced MAP from 131 = 10 mmHg to

60 + 7 mmHg. This fraction did not significantly affect heart rate.

Further fractionation of OSC3 using a Phenomenex Jupiter analytical column indicated the
presence of 2 major components, which we called OSC3a and OSC3b (Figure 2a), that were

subsequently collected for molecular mass and N-terminal sequence determinations.

OSC3a and OSC3b (50 pg/kg, i.v.) reduced MAP by 50 = 14 mmHg and 74 £ 5 mmHg
(Figure 3a), respectively. Neither PLA, components produced a significant change in heart rate
(Figure 3c). The hypotensive effect of OSC3b (50 pg/kg, i.v.) was significantly abolished upon
second administration of the toxin in the same animal (n = 4, P < 0.05, Student’s paired #-test;
Figure 3b). Prior administration of indomethacin (30 mg/kg, i.v.) significantly attenuated the
hypotensive effect of OSC3a (50 pg/kg, i.v., n = 4) and OSC3b (50 pg/kg, i.v., n = 4; P < 0.05,
one-way ANOVA). However, although administration of mepyramine (2 mg/kg, i.v.) appeared to
have some inhibitory effect on the hypotension produced by OSC3a (50 pg/kg, i.v., n = 4) or
OSC3b (50 pg/kg, i.v., n = 4), but this effect was not statistically significant (P > 0.05, one-way
ANOVA). Prior administration of a combination of mepyramine (2 mg/kg) and heparin (300
units/kg, i.v.) significantly attenuated the hypotensive effect of OSC3a but not OSC3b (Figures 4a

and 4b).
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3.2 Molecular mass determination
MALDI-TOF indicated OSC3a and OSC3b had molecular weights of 13,203 and 14,029 Da,

respectively.

3.3 Amino acid sequence determination

The N-terminal sequence of 20 amino acid residues of OSC3a displayed 100% homology
with a PLA, component of Taicatoxin, an oligomeric toxin isolated from the venom of Australian
coastal taipan (O. scutellatus scutellatus) (Possani et al., 1992) and 95% homology with OS2
(Rouault et al., 2006), secretory PLA, from O. scutellatus scutellatus venom. The N-terminal
sequence of 20 amino acid residues of OSC3b had 100% homology with OS1, a secretory PLA,

isolated from O. scutellatus scutellatus venom (Lambeau et al., 1989) (Table 1).

3.4 Phospholipase A; activity
OSC3a and OSC3b had specific PLA, activities of 168 + 4 and 1,294 + 7 pmol/min/mg
(n = 4), respectively. The positive control, bee venom PLA,, had a specific activity of 320 £+ 13

pumol/min/mg (n = 4).

3.5 Isolated rat mesenteric artery

OSC3a and OSC3b (10 pg/ml) induced vasorelaxation in endothelium-intact mesenteric
arteries of 83 = 9% and 70 + 10% (n = 4; Figure 5), respectively. Removal of the endothelium
significantly reduced the relaxation induced by OSC3b (13 £ 8%, P < 0.05, Student’s unpaired
t-test, n = 5; Figure 5). However, the relaxation evoked by OSC3a (57 = 13%, n = 5) was not

significantly affected by endothelial denudation (P > 0.05 Student’s unpaired #-test).

3.6 Procoagulant assay
In the coagulation test, fractions OSC3a and OSC3b (0.6 - 20 pg/ml) of O. scutellatus
venom, failed to clot human plasma compared with O. scutellatus venom (2.5 - 10 pg/ml; Figure

6).
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4. Discussion

In this study, we isolated two wvasoactive PLA, components from the venom of
O. scutellatus. Both toxins produced in vivo hypotension and relaxed in vitro vascular tissue. We
have previously reported that O. scutellatus venom, 20 pg/kg, i.v., induces cardiovascular collapse
in anaesthetized rats (Chaisakul et al., 2012). In the current study, a considerably higher dose (i.e.
50 pg/kg, i.v.) of a combination of the two toxins (i.e. OSC3) only induced a moderate hypotensive
response without cardiovascular collapse. Given that the toxins represent 14.2% of the whole
venom, this contributes approximately 2.8 pg/kg to the dose of whole venom that was previously
reported to cause cardiovascular collapse. However, OSC3a and/or OSC3b failed to induce
complete early cardiovascular collapse. This indicates that the mechanism behind the
cardiovascular collapse following envenoming by O. scutellatus may be either due to the effect of
PLA, synergizing with other venom components or that other venom components are responsible

for this outcome.

Interestingly, the hypotensive effects of OSC3a and OSC3b were attenuated upon second
administration of the toxin in the same animal, suggesting that this effect was mediated by
depletable endogenous mediators or tachyphylaxis. Prior administration of indomethacin reduced
the hypotensive effect of both OSC3a and OSC3b suggesting that cyclooxygenase metabolites (e.g.

dilator prostaglandins or prostacyclin) may be involved.

Previously, purified PLA,s from snake venoms have been reported to induce histamine
release from human colon, lung and tonsil mast cells (Wei et al., 2006; Wei et al., 2010). In the
present study, pre-administration of mepyramine, an H;-receptor antagonist, markedly reduced the
hypotensive effect following the administration of isolated PLA,s from O. scutellatus venom.
However, significant attenuation of hypotension was not observed. This might be due to the small
number of #n value in this study. Heparin has been reported to inhibit histamine release (Inase et al.,
1993). Thus, the combination of mepyramine and heparin was administered prior to the injection of
snake PLA, components. Interestingly, the hypotensive effect of OSC3a was significantly inhibited

by this combination.
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PLA, enzymes are abundant components of scorpion, bee as well as snake venoms
(Lambeau et al., 1990). Snake PLA, contributes a number of pharmacological effects e.g. pre-
synaptic neurotoxicity (Cull-Candy et al., 1976; Fohlman et al., 1976), anticoagulation (Kini,
2005), hypotension (Huang, 1984a), myotoxicity (Harris and MacDonell, 1981), and recently,
isolated PLA, toxins from coastal taipan have been reported to affect sperm mobility (Escoffier et
al., 2010). Snake PLA, toxin-induced relaxation may contribute to the hypotensive response
following envenoming. Indeed, OSC3a induced relaxation in endothelium-intact and -denuded
mesenteric arteries while OSC3b only induced endothelium-dependent relaxation suggesting that
OSC3a also may have a direct action on vascular smooth muscle. OSC3a and OSC3b had a
molecular mass between 13 and 14 kDa, which is within the range for elapid venom PLA,
components (Chaisakul et al., 2010; Kuruppu et al., 2005). The N-terminal amino acid sequences
of OSC3a and OSC3b showed 100% sequence homology with the PLA, component of taicatoxin
(Possani et al., 1992) and OS1; a secretory PLA, isolated from O. scutellatus scutellatus venom,
respectively (Lambeau et al., 1989). Taicatoxin is an oligomeric toxin comprising three
components, a-neurotoxin-like peptide, a neurotoxic phospholipase peptide and a serine protease
inhibitor. Taicatoxin blocks the high threshold calcium channel current of excitable membranes in
guinea-pig ventricular heart cells, even in the absence of PLA, activity (Possani et al., 1992). The
secretory PLA,, OS1, has been previously reported to induce vascular endothelial cell migration

(Rizzo et al., 2000).

It has been postulated that snake venom prothrombin activators mediate the severe
depression of systemic blood pressure and cardiac output observed in anaesthetized mechanically
ventilated dogs (Tibballs, 1998; Tibballs et al., 1992). We therefore investigated the coagulation
effects of OSC3a and OSC3b, and compared these to O. scutellatus venom. However, relatively
high concentrations of OSC3a and OSC3b failed to induce clotting, in contrast to the effects of the
whole venom. This suggests that the hypotensive effect induced by OSC3a and 3b is unlikely to be
due to the same toxin that causes venom-induced consumptive coagulopathy (VICC) or be a result

of VICC.
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In conclusion, the isolated PLA, fractions from O. scutellatus venom appear to play a
significant role in the hypotensive and vasorelaxant responses in vivo and in vitro studies. The
release of dilator autacoids is a significant pharmacological effect of PLA, to generate vascular

relaxation.
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Figure 1: (a) Size-exclusion chromatograph of O. scutellatus venom run on Superdex G-75 column
equilibrated with ammonium acetate (0.1 M, pH 6.8) at a flow rate of 0.5 ml/min, highlighted
section refer to fraction with hypotensive effect (OSC3). (b) Effect of OSC3 (50 ug/kg, i.v., at time
point I and 2) on MAP in an anaesthetized rat.

124



CHAPTER 6

— 8001 - 100
c
< OSC3b . - 80 m
~ 1 e
N \ S
p— [ ~ 60 >
D \ =
O \ o
S \ L4 @
Y
2 \ [S)
o \ F20 X
48 \
<C T 0
50 60
O T T 1
0 1 2 3

Time (min)

0 1

Time (min)

Figure 2: RP-HPLC chromatograph of OSC3 on a Jupiter analytical C18 column, equilibrated
with 0.1%, TFA (solvent A) and eluted with varied gradient condition of 90% acetonitrile in 0.09%

TFA (solvent B) at a flow rate of 0.2 ml/min. The presence of OSC3a and OSC3b is indicated (a).
The effect of (b) OSC3a (50 ug/kg, i.v.) or (c) OSC3b (50 ug/kg, i.v.) on MAP of anaesthetized rats.
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iv., n = 4). *significant difference in MAP compared to 1" administration, P < 0.05, Student’s
paired t-test. (c) A comparison of rat heart rate before and after the administration of OSC3a or
OSC3b (50 ug/kg, i.v.).
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Figure 4: Effect of (a) OSC3a (50 ug/kg, i.v.) or (b) OSC3b (50 ug/kg, i.v.) in the absence or
presence of mepyramine (2 mg/kg, i.v.), indomethacin (30 mg/kg, i.v.) or the combination of
mepyramine (2 mg/kg, i.v.) and heparin (300 units/kg, i.v.) on MAP of anaesthetized rats. * P <
0.05, significantly different from OSC3a or OSC3b alone, one-way ANOVA.
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Figure 5: Relaxation effects of OSC3a and OSC3b (10 ug/ml) on endothelium-intact (n = 4) and
endothelium-denuded rat mesenteric arteries (n = 5). # P < 0.05, is significantly different from
endothelium-intact, Student’s unpaired t-test.
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Figure 6: Plot of clotting time versus concentration of O. scutellatus venom and OSC3a or 3b (3
duplications).
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Table 1: N-terminal sequences of OSC3a and OSC3b compared with other closely related toxins

Species Toxins N-terminal sequence

O. scutellatus 0OSC3a (13,203 Da) NLAQFGFMIR CANGGSRSAL

O. s. scutellatus Taicatoxin®; PLA, component ~ NLAQFGFMIR CANGGSRSAL
(16,000 Da)

0S2°(16,104 Da) NLAQFGFMIR CANGGSRSPL

O. scutellatus OSC3b (14,029 Da) SLLNFANLIE CANHGTRSAL

O. s. scutellatus os1™ ¢, secretory PLA, SLLNFANLIE CANHGTRSAL
(16,898 Da)

Bold letter indicates different amino acid present at the respective position in the toxin.

“Possani et al. (1992); ° Lambeau et al. (1989); “Rouault et al. (2006)

130



CHAPTER 6

1. Introduction
The supplementary data have been obtained in order to demonstrate: (1) the effect of the individual
venom fractions on blood pressure and (2) the relaxant effects of fractions on isolated arteries in

the presence of inhibitors. This additional work was not included in the manuscript.

2. Materials and Methods (continued)
2.1 Anaesthetized rat preparation

As per manuscript.

2.2 isolated rat mesenteric artery

As per manuscript.

2.3 Chick biventer cervicis nerve-muscle preparation

As per manuscript on Chapter 2.

2.4 Data analysis

As per manuscript.

3. Results
3.1 Screening fractions of O. scutellatus venom in anaesthetized rats

Fractions of O. scutellatus (Peaks 1-8) were screened in anaesthetized rats. Peak 3 (as per
manuscript) and peak 4 (Figure Ic) displayed a hypotensive effect in anaesthetized rats. A
combination of fractions 1-8 (50 pg/kg, i.v.) produced a hypotensive effect without sudden
cardiovascular collapse (Figure 2).

NB. The size-exclusion column used for the isolation of toxins has a separation range of
3,000-70,000 Da thus non-detectable peaks of O. scutellatus venom or higher molecular mass

toxins, which were not studied, may contribute to complete sudden collapse.
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Figure 1: Screening of O. scutellatus peaks (50 ug/kg, i.v.) on the MAP of anaesthetized rats

(n=2-4).
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Figure 2: Effect of pooled fractions 1-8 of O. scutellatus venom (50 ug/kg, i.v.) on the MAP of
anaesthetized rats (n = 3).
3.2 Relaxation effect of OSC3 on isolated rat mesenteric artery rings

OSC3 (3 and 10 pg/ml) induced relaxation responses in endothelium-intact mesenteric
arteries (79 = 9 and 98 = 2% of PE precontraction, n = 9; Figures 3a and 4a). Removal of the
endothelium did not significantly affect vascular relaxation induced by OSC3 (n = 8, P > 0.05,
Student’s unpaired ¢-test; Figures 3b and 4a). However, the relaxation produced by OSC3 (10
ug/ml) was significantly inhibited in both endothelium-intact and endothelium-denuded mesenteric
arteries upon second addition of toxin in the same preparation (Figures 4b and 4c, n = 4-9, P <

0.05, Student’s paired t-tests).

In separate experiments, neither L-NAME (0.2 mM) nor indomethacin (10 pM) inhibited
relaxation induced by OSC3 (3 pg/ml) in endothelium-intact mesenteric arteries (P > 0.05, one-
way ANOVA, n = 7-8; Figure 5a). Indomethacin (10 pM) and 8-pCPT-cAMP (10 pM)
significantly abolished relaxation induced by OSC3 on endothelium-denuded mesenteric arteries (3

pg/ml, P < 0.05, one-way ANOVA, n = 6; Figure 5b).
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Figure 3: Traces showing vascular relaxation produced by OSC3 (10 ug/ml) on (a) endothelium-
intact or (b) endothelium-denuded rat mesenteric artery.
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Figure 4: (a) Relaxation effects of OSC3 (3-10 ug/ml) on pre-constricted mesenteric artery rings
in the presence and absence of the endothelium. # P < 0.05, significantly different from time
control (Figure 5 as per manuscript), Student’s unpaired t-test (n = 8-9). Relaxation effects of 2"
addition of OSC3 on (b) endothelium-intact or (c) endothelium-denuded rat mesenteric arteries.
* P < (.05, significantly different from the 1" addition, Student’s paired t-test (n = 4-9).
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Figure 5: (a) Relaxation effect of OSC3 (3 ug/ml, n = 8) on endothelium-intact rat mesenteric
arteries in the absence and presence of L-NAME (0.2 mM, n = 7) or indomethacin (10 uM, n = 7).
(b) Relaxation effect of OSC3 (3 ug/ml, n = 6) on endothelium-denuded rat mesenteric arteries in
the absence and presence of Rp-8-CPT-cAMPs (10 uM, n = 6) or indomethacin (10 uM, n = 6).

* P < 0.05, significantly different, one-way ANOVA.
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Figure 6: Traces showing concentration relaxation effect-produced by ACh (10°-10° M) (a) prior
or (b) after the addition of OSC3. (c) Concentration relaxation curves to ACh obtained before and
after addition of OSC3 10 ug/ml (n = 7). * P < 0.05, significantly different, two-way ANOVA.
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3.3 Effect of OSC3 on concentration relaxation curves to ACh in isolated rat mesenteric arteries
OSC3 (10 pg/ml) significantly shifted the concentration-response curve to ACh to the right

(n=7, P<0.05, two-way ANOVA) suggesting a reduction in endothelial function (Figure 6).

3.4 Chick biventer cervicis nerve-muscle preparation

OSC3 (10 pg/ml) failed to produce a complete inhibition of twitch height in the indirectly
stimulated CBCNM preparation (Figure 7) after the addition of isolated toxin of 120 min. This
indicated an absence of neurotoxicity for OSC3.

A significant difference in twitch height between vehicle and OSC3 was observed at the 120

min time point (P < 0.0001, Student’s unpaired #-test).

120+
%,_m\ 100+
E -oé 80- *
< o 60+
_g (@)
E 2 401 & 035C3 10 pg/mi (n = 4)

201 -« vehicle (n=4)

0-

0 30 60 90 120
Time (min)

Figure 7: Effect of OSC3 (10 ug/ml) on indirectly stimulated CBCNM preparation, *P < 0.001,
Student’s unpaired t-test.
4. Discussion (continued)

Further discussion concerning the additional data is included in the General Discussion

(Chapter 9).
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Abstract

The Pseudonaja genus (Brown snakes) is widely distributed across Australia and bites
account for significant mortality. Venom-induced consumption coagulopathy (VICC) and, less
often, early cardiovascular collapse occur following envenoming by these snakes. We have
previously examined possible mechanism(s) behind the early cardiovascular collapse following
Papuan taipan (Oxyuranus scutellatus) envenoming. In the present study, we investigate early
cardiovascular collapse in anaesthetized rats following administration of eastern brown snake
(Pseudonaja textilis) venom, and prevention of this effect with prior administration of ‘priming’
doses (i.e. doses of venom which caused a transient hypotensive response) of venom. P. textilis
venom (5-10 pg/kg, i.v.) induced cardiovascular collapse in anaesthetized rats, characterized by a
rapid decrease in systolic blood pressure until non recordable. Prior administration of ‘priming’
doses of P. textilis venom (2 and 3 pg/kg) or, at least, 4-5 doses of O. scutellatus (2 pg/kg, i.v.) or
Daboia russelii limitis (20 pg/kg, i.v.) venoms prevented cardiovascular collapse induced by
P. textilis venom. Moreover, early collapse was also inhibited by prior administrations of 2 discrete
doses of Acanthophis rugosus venom. Prior administration of commercial polyvalent snake
antivenom (500-3000 units/kg, i.v.) or heparin (300 units/kg, i.v.) also inhibited P. textilis venom-
induced cardiovascular collapse. Our results indicate that P. textilis venom-induced cardiovascular
collapse can be prevented by prior administration of sub lethal doses of venom from P. textilis,
O. scutellatus, A. rugosus and D. russelii limitis. This suggests that sudden cardiovascular collapse
following envenoming is likely to involve a common mechanism/pathway activated by different

snake venoms.

Keywords: anaesthetized rat, antivenom, brown snake, cardiovascular collapse, venom

Abbreviations: ANOVA, Analysis of variance; i.v., intra venous administration; i.p., intra

peritoneal administration, MAP, mean arterial pressure; PVDF, polyvinylidene difluoride; HRP,

horseradish peroxidase; TBST, Tris-Buffered Saline and Tween 20.
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Introduction

Envenoming by snakes of genus Pseudonaja (brown snakes) is a significant cause of
morbidity and mortality in Australia (Allen et al., 2012). Clinical symptoms following envenoming
by Pseudonaja spp. include venom-induced consumption coagulopathy (VICC) and sudden
cardiovascular collapse, with neurotoxicity being rare (Allen et al., 2012; Barber et al., 2012)
despite the presence of a pre-synaptic neurotoxin, textilotoxin (Barber et al., 2012). This
peculiarity of brown snake envenoming, often referred to as the ‘Brown snake paradox’, appears to
be due to the small amount of pre-synaptic neurotoxin in the whole venom and the relative low
potency of this toxin (Barber et al., 2012).

A recent study has shown that about one quarter of patients with brown snake envenoming
have an early collapse or hypotension, with cardiac arrest and death occurring in 6% of cases
(Allen et al., 2012). The early cardiovascular collapse often occurs in the pre-hospital setting and
appears to respond to basic and advanced life supported (Allen et al., 2012; Johnston et al., 2002).

A number of toxins have been isolated and characterized from Pseudonaja spp. venoms.
These include pre- (Su et al.,, 1983) and post- (Tyler et al., 1987) synaptic neurotoxins,
phospholipase A, (PLA;) components, and prothrombin activators (Rao and Kini, 2002; Stocker et
al., 1994). Prothrombin activators promote the conversion of prothrombin to thrombin leading to
consumption of clotting factors (fibrinogen, factor V and factor VIII) which can result in serious
hemorrhage including life-threatening intracranial hemorrhage (Isbister et al., 2010).

Administration of brown snake or tiger snake (Notechis sp.) prothrombin activators, to
anaesthetized dogs, caused severe depression of systolic blood pressure and cardiac output which
was suggested to be due to thrombotic obstruction of the pulmonary vasculature (Tibballs, 1998;
Tibballs et al., 1992). Recently, we have shown that administration of Papuan taipan (O.
scutellatus) venom caused cardiovascular collapse and prior administration of small priming (i.e.
hypotensive) doses of venom ‘protected’ rats from the effects of a subsequent larger toxic doses

which would otherwise cause cardiovascular collapse if given alone (Chaisakul et al., 2012).
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Antivenom is the major treatment for systemically envenomed patients although studies
have questioned in vivo effectiveness (Isbister et al., 2009) and in vitro (Judge et al., 2006) efficacy
of brown snake antivenom. Large quantities and multiple administrations of antivenom have been
recommended to neutralize cardiovascular depression and coagulopathy following brown snake
envenoming (Johnston et al., 2002; Tibballs and Sutherland, 1991). However, recent studies
indicate that much lower quantities of antivenom (i.e. one vial) can be used in all cases (Allen et
al., 2012; Kulawickrama et al. 2010).

Although sudden cardiovascular collapse following envenoming by brown snakes has been
studied (Tibballs and Sutherland, 1991; Tibballs et al., 1989), the mechanisms of the collapse and
potential therapeutic agents to prevent this collapse have not been defined. In this study, we
determined whether administration of small priming doses of P. textilis venom could confer
protection against sudden cardiovascular collapse. We also examined cross genus and cross family
neutralization, as well as the efficacy of the commercially available snake antivenom to prevent

sudden cardiovascular collapse in brown snake (Pseudonaja spp.) envenoming.

2. Materials and methods
2.1 Venom preparation and storage

Freeze-dried eastern brown snake (Pseudonaja textilis), Papuan taipan (Oxyuranus
scutellatus), Irian Jayan death adder (Acanthophis rugosus) and Russell’s viper (Daboia russelii
limitis) venoms were purchased from Venom Supplies (Tanunda, South Australia). Venom was
dissolved in Milli-Q water and stored at -20°C until required. Thawed solutions were kept on ice
during experiments. Venom protein content was determined via a BCA Protein Assay Kit (Pierce

biotechnology; Illinois, USA) as per manufacturer’s instructions.

2.2 Anaesthetized rat preparation
All procedures were approved by the School of Biomedical Science (SOBS)-B Animal

Ethics Committee, Monash University. Male Sprague-Dawley rats (250-350 g) were anaesthetized
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with pentobarbitone sodium (60-100 mg/kg, i.p., supplemented as required). Cannulaec were
inserted into the trachea, jugular vein and carotid artery, for artificial respiration (if required),
administration of drugs/venom and measurement of blood pressure, respectively. Arterial blood
pressure was recorded using a Gould Statham P23 pressure transducer connected to a PowerLab
system. Venoms were administered via the jugular vein. At the conclusion of the experiment
animals were killed by an overdose of pentobarbitone (i.v.).

As indicated, the CSL polyvalent antivenom or inhibitors have been administered 10 min
prior the administration of the lethal dose of P. fextilis venom. Priming doses of snake venoms

were administered 5-10 min interval.

2.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS — PAGE)

SDS-PAGE was performed according to the method described by Laemmli (Laemmli,
1970). P. textilis venom (20 pg) was resolved on a 12.5% SDS-PAGE under reducing condition
(5% B-mercaptoethanol in Laemmli’s sample buffer (62.5 mM Tris-hydrochloride, 25% glycerol,
2% SDS, 0.01% bromophenol blue). Venom was heated for 5 min at 95°C prior to resolving on
SDS-PAGE. Protein bands were visualized by staining with BioSafe Coomassie G-250 solution
(Bio-Rad Laboratories; Hercules, CA USA), followed by de-staining in distilled water. Gel image

was captured utilizing Typhoon Trio scanner (GE Healthcare; Uppsala, Sweden).

2.4 Western blot

P. textilis venom (20 pg) was resolved on a 12.5% SDS-PAGE and transferred onto a PVDF
(polyvinylidene difluoride) membrane. The membrane was incubated with 5% skim milk in TBST
(20 mM Tris, 0.5 M NaCl, 0.5 % Tween-20) to prevent non-specific binding and then incubated
with primary antibody (CSL Ltd. polyvalent snake antivenom diluted 1:500-fold in TBST with 5%
skim milk) overnight at 4°C. Immunoreactive bands were visualized using appropriate secondary
antibodies (goat-anti-horse-IgG-HRP, Santa Cruz biotechnology, Dallas, TX, USA) and ECL™

Chemiluminescence detection reagent (GE Healthcare; Uppsala, Sweden).

144



CHAPTER 7

2.5 Chemicals and drugs
The following drugs were used: mepyramine maleate (May & Baker, Dagenham, UK);
heparin sodium (Hospira, VIC, Australia); Polyvalent snake antivenom (CSL Ltd., Melbourne,

Australia).

2.6 Data analysis and Statistics

In the anaesthetized rat preparation, pulse pressure is defined as the difference between
systolic and diastolic blood pressures. Mean arterial pressure (MAP) was calculated as diastolic
blood pressure plus one-third of pulse pressure. The decrease in MAP following the administration
of venoms was measured and is presented as mean + SEM.

Statistical analysis was performed using Prism 5.0 software (GraphPad Software,
San Diego, CA, USA). Student’s unpaired t-tests were performed on responses to venom in
different animals, and paired #-tests were used to compare responses before and after the
administration of venom in the same animal. Multiple comparisons were made using a one-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. Values of P < 0.05

were accepted as significant. Data are expressed as mean = SEM.

3. Results
3.1 Effect of single dose of P. textilis venom

P. textilis venom (5 or 10 pg/kg, i.v.) caused rapid cardiovascular collapse, as defined by
the absence of detectable blood pressure (Figures 1a and 1b). Lower doses of P. textilis venom (i.e.
2 and 3 pg/kg, i.v.) produced transient decreases in MAP (i.e. 19 + 13 and 65 + 28 %,
respectively), without cardiovascular collapse (Figure 1b). No significant change in heart rate was
observed at the point when MAP had decreased by 50% following the administration of venom

(Figure 1c).
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3.2 Effect of multiple doses of P. textilis venom

In separate experiments, prior administration of 2 pg/kg (i.v.), and 3 pg/kg (i.v.) of
P. textilis venom prevented cardiovascular collapse induced by the subsequent administration of
5 pg/kg (i.v.) and 10 pg/kg (i.v.) of P. textilis venom (Figure 1b). Instead, these doses of venom
caused moderate transient hypotensive responses. Under these conditions, the rat was able to
tolerate a total venom ‘load’ of 20 pg/kg, which was four times the dose which produced
cardiovascular collapse when given alone.

To determine the ‘threshold’ priming dose required to prevent cardiovascular collapse and
transient hypotension, repeated amounts of 2 pg/kg (i.v.) of P. textilis venom were given prior to
the administration of 10 ug/kg of P. textilis venom i.e. a dose which, when injected alone, caused
collapse in 100% of rats. The administration of a single priming dose of 2 pg/kg of P. textilis
venom prevented collapse when 10 pg/kg of P. textilis venom was given, but there was still a
transient hypotensive response (Figure 2a). Two and three priming doses of 2 pg/kg (i.v.) of
P. textilis venom prevented collapse and also decreased the hypotensive response, following the

administration of 10 ug/kg of P. textilis venom (Figure 2a).

3.3 Effect of prior administration of mepyramine or heparin

Prior administration of heparin (300 units/kg, i.v.) significantly prevented cardiovascular
collapse from the subsequent administration of P. textilis venom (5 pg/kg, i.v.), but did not prevent
the transient hypotensive response (Figure 2b).

Administration of mepyramine (2 mg/kg, i.v.) prior to P. textilis venom (5 pg/kg, i.v.)
prevented cardiovascular collapse in 4 of 7 rats tested. However, venom still produced a marked

hypotensive effect in these rats (Figure 2b).

3.4 Protective effect of O. scutellatus, D. russelii limitis and A. rugosus venoms
Previously, we have shown that administration of five discrete doses of O. scutellatus

venom (5 pg/kg, i.v.) protects against O. scutellatus-induced sudden cardiovascular collapse. In the
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present study, O. scutellatus venom (5 pg/kg, i.v.) produced a small hypotensive response in
anaesthetized rats (Figure 3a). The administration of five priming doses of O. scutellatus venom (5
pg/kg, iv.) in the same rat, prevented cardiovascular collapse produced by subsequent
administration of P. textilis venom (10 pg/kg, i.v.), but not the transient hypotensive response
(Figures 3a and 3b).

Administration of Russell’s viper (D. r. limitis) venom (50 pg/kg, i.v.) caused a rapid
hypotensive effect followed by cardiovascular collapse within 15 min in anaesthetized rats (Figure
4a). A lower dose of D. r. limitis venom (20 pg/kg, i.v.) produced a 29 + 3 % decrease in MAP
without cardiovascular collapse (Figure 4b). Administration of 4, but not 2 or 3, priming doses of
D. r. limitis venom (20 pg/kg, i.v.) prevented P. textilis venom-induced cardiovascular collapse (P
< 0.05, one-way ANOVA, Figure 4c). After prior administration of four doses of D. r. limitis
venom (20 pg/kg, i.v.), P. textilis venom (10 pg/kg, i.v.) only induced a small hypotensive
response with the MAP of 36 + 8 mmHg (Figure 4d).

The administration of 4. rugosus venom (50 pg/kg, i.v.) produced a decrease in MAP of
anaesthetized rats to 55 = 3% (Figure 5b). Prior administration of 2 priming doses of A. rugosus
venom (50 pg/kg, i.v.) significantly prevented P. textilis venom-induced cardiovascular collapse (P

< 0.05, one-way ANOVA) with the reduction in MAP of 49 + 7% (Figures 5a and b).

3.5 Effect of CSL polyvalent snake antivenom on cardiovascular collapse
Prior administration (10 min) of a bolus dose of CSL polyvalent snake antivenom (500-
3,000 units/kg, i.v.) significantly prevented cardiovascular collapse from subsequent administration
of P. textilis venom (10 pg/kg, i.v.) and caused a dose-dependent reduction in the hypotensive
effects of venom (P < 0.05, one-way ANOVA; Figure 6¢). A plot of log antivenom concentration
versus magnitude of MAP to venom indicated an ICs, value of 437 units/kg (Figure 6d).
Administration of polyvalent antivenom (1000 units/kg, i.v. bolus) at 50 % decrease in
MAP prevented complete collapse. However, a marked decrease in MAP was observed with

gradual recovery within 1-2 min following the administration of antivenom (Figure 6b).
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3.6 SDS-PAGE and Western blot

SDS-PAGE analysis of P. textilis venom indicates the presence of multiple protein bands
with molecular weights in the range of 15-200 kDa (Figure 7, lane A). Western blot analysis
indicated that CSL polyvalent snake antivenom detected the majority of the proteins in the venom

(Figure 7, lane B).

Discussion

The present study demonstrated that relatively low doses of brown snake (P. fextilis) venom
can induce cardiovascular collapse in anaesthetized rats, an effect similar to the hypotensive
collapse seen in human envenoming. The potency of P. textilis venom in causing cardiovascular
collapse is consistent with collapse being reported most commonly in human brown snake
envenoming (Allen et al., 2012) compared to other Australian elapids (Isbister et al., 2012;
Kulawickrama et al., 2010) or other snakes worldwide (Kularatne, 2003). In our animal model,
cardiovascular collapse was prevented by prior administration of priming doses of the same venom
(P. textilis venom), priming doses of different venoms, heparin and commercial polyvalent
antivenom. This is similar to Papuan taipan venom, but additionally cross-species and cross-family
effect of priming doses suggests a common mechanism of the cardiovascular collapse. The
protective effect of CSL polyvalent snake antivenom indicates the involvement of antigenic venom
components in this cardiovascular collapse.

The administration of small ‘priming’ doses of P. textilis venom prevented cardiovascular
collapse and hypotension following the addition of larger doses of P. textilis venom. This
observation supports our previous study examining the cardiovascular effects of Papuan taipan (O.
scutellatus) venom, and our hypothesis that cardiovascular collapse following envenoming may be
due to the release of depletable mediators (Chaisakul et al., 2012). Interestingly, prior
administration of small priming doses of venom from a different genus (i.e. O. scutellatus and A.
rugosus) but same family (i.e. Elapidae) also ‘protected’ against collapse, as did Russell’s viper

venom, which is from a different family of snakes (i.e. Viperidae). This indicates that
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cardiovascular collapse induced by different species of snakes is likely to involve a common
mechanism or pathway for all snake venoms causing this effect.

It has been suggested that the early cardiovascular collapse is due to the prothrombin
activators in brown snake venom or procoagulant toxins in other venoms (Tibballs, 1998; Tibballs
et al., 1992). However, in this study we have shown that death adder venom (4. rugosus) can
produce early cardiovascular collapse, albeit at a much higher dose than brown snake or taipan
venom. In addition, priming doses of death adder venom prevented cardiovascular collapse by
subsequent addition of brown snake venom. A previous study also found that death adder venom
(4. antarcticus) caused hypotension (Venning et al, 1995). This suggests that procoagulant activity
in snake venoms is not necessary for the venom to cause early cardiovascular collapse. In addition,
we have previously shown that the protective effect of priming with low doses of venom only lasts
1 hour. This suggests that the depletable mediators responsible for the hypotensive collapse are
replenished in this short period time. This is not consistent with depletion of clotting factors that
take 12 to 48 hours to replenish depending on specific clotting factors (8 to 12 hours for factors V
and VIII and 24 to 48 hours for fibrinogen) (Isbister et al., 2010).

Early hypotensive collapse in humans, which often resolves within 30 minutes, suggests
vasodilation as the underlying pathophysiology rather than a myocardial cause. In some ways this
is similar to anaphylactic shock which is due to release of endogenous immune mediators (Stone et
al., 2009). We investigated the effect of the histamine receptor antagonist, mepyramine (H;-
receptor antagonist) and heparin on cardiovascular collapse. Cardiovascular collapse was only
partially prevented by mepyramine with 4 of 7 rats still displaying collapse. It appears that multiple
mediators may be involved consistent with our previous study (Chaisakul et al., 2012). However,
heparin prevented collapse in all animals tested. The mechanism behind this ‘protective’ effect
may be that heparin inhibits histamine release from mast cells (Inase et al., 1993). Isolated PLA,
and metalloproteinase from snake venoms have been reported to activate human mast cells
resulting in histamine release which was inhibited by heparin incubation (Wei et al., 2006; Wei et

al., 2010).
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In conclusion, cardiovascular collapse can be abolished by prior administration of sub-
lethal doses of venoms indicating the likely release of depletable substances. It is likely that
immune mediators which can cause hypotension and vasodilatation (e.g. histamine, bradykinin or

5-HT) may contribute to the sudden collapse.
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Figure 1: (a) Effect of P. textilis venom (10 ug/kg, i.v.) on MAP in an anaesthetized rat. (b) Effect
of P. textilis venom after a single injection (2, 3, 5 or 10 ug/kg, i.v., n = 5) in different rats or
sequential addition of venom (2, 3, 5 and 10 ug/kg, i.v., n = 7) in the same rat on MAP. *P < (.05,
significantly different from single injection, Student’s unpaired t-test. (c) A comparison of heart
rate before and after single injection of venom (3, 5 and 10 ug/kg, i.v., n = 3) (measured at the
point when MAP had decreased by 50%,).
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Figure 2: (a) Effect of P. textilis venom (10 ug/kg, i.v.) on MAP in anaesthetized rats following the
prior administration of saline or 2, 3 or 4 discrete doses of P. textilis venom (2 ug/kg, i.v., n = 3-
4), (b) Effect of P. textilis venom (5 ug/kg, i.v.) on MAP in anaesthetized rats in the presence of
saline, mepyramine 2 mg/kg or heparin 300 units/kg (n = 4-7), * P < 0.05, significantly different

from prior administration of saline,

one-way ANOVA; (In brackets represent the number of

animals with complete sudden collapse/ number of animals in each group).
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Figure 3: (a) Five sequential additions of O. scutellatus venom (5 ug/kg, i.v.) prior to the
administration of P. textilis venom (10 ug/kg, i.v.) in the same anaesthetized rat. (b) Protective
effect of prior administration of 5 discrete doses of O. scutellatus venom (5 ug/kg, i.v.) on
P. textilis venom-induced cardiovascular collapse in anaesthetized rats (n = 3).
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Figure 4: (a) Effect of D. russelii limitis venom (50 ug/kg, i.v.) on MAP in an anaesthetized rat.
(b) Effect of P. textilis venom (10 ug/kg, i.v.) following sequential addition of D. russelii limitis
venom in the same anaesthetized rat (20 ug/kg, i.v., at individual time points) on MAP. (c) Effect of
P. textilis venom (10 ug/kg, i.v.) on MAP in anaesthetized rats following the prior administration
of 2, 3 or 4 discrete doses of D. russelii limitis venom (DRV) (20 ug/kg, i.v., n = 3-5) or saline, (d)
Effect of P. textilis venom (10 ug/kg, i.v.) following sequential addition of D. russelii limitis venom
in the same anaesthetized rat (4 injections of 20 ug/kg venom, i.v., n = 3) on MAP, *P < 0.05,
significantly different from prior administration of saline, one-way ANOVA; (In brackets
represent the number of animals with complete sudden collapse/number of animals in each group).
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Figure 5 (a) Trace showing the effect of 2 discrete doses of A. rugosus venom (50 ug/kg, i.v.) prior
to the administration of P. textilis venom (10 ug/kg, i.v.) in an anaesthetized rat, arrows indicate
time of injection. (b) Decrease in MAP of anaesthetized rats following the administration of 2
discrete doses of A. rugosus venom (50 ug/kg, i.v.) prior to P. textilis venom compared with rat
MAP following the administration of P. textilis or A. rugosus venoms alone. *P < (.05,
significantly different from the administration of P. textilis venom alone, one-way ANOVA; (In
brackets represent the number of animals with complete sudden collapse/number of animals in
each group).
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Figure 6: (a) Effect of P. textilis venom (10 ug/kg) on MAP in the presence of prior administration
of polyvalent snake antivenom (3,000 units/kg) for 10 min in an anaesthetized rat. (b) Trace
showing the protective effect of polyvalent snake antivenom (1000 units/kg, i.v. bolus) administered
at the time point of a 50 % decrease in MAP induced by P. textilis venom (10 ug/kg, i.v.) on
anaesthetized rat (n = 3). # antivenom administration time point. (c) Effect of CSL snake
polyvalent antivenom (300-3000 units/kg, i.v. bolus, n = 3-5) on a decrease in MAP induced by
P. textilis venom (10 ug/kg, i.v.). *P < 0.05, significantly different from P. textilis venom (10
ug/kg, i.v.) alone, one-way ANOVA. (d) Logarithm inhibitor (antivenom) concentration-response
curve to estimate the IC50 of CSL polyvalent snake antivenom.
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Figure 7: SDS-PAGE of P. textilis venom (lane A) and Western blot of P. textilis venom with CSL
polyvalent snake antivenom (lane B).
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Summary

Brown snake (Pseudonaja spp.)-induced early cardiovascular collapse is a significant cause of
morbidity and mortality in Australia. It has been suggested that prothrombin activators cause
cardiovascular collapse in anaesthetized animals due to severe cardiovascular depression. We have
recently reported that collapse induced by Australasian elapid venoms involves the release of
endogenous mediators. In this study we identify a toxin from Pseudonaja textilis venom that
causes early collapse. P. fextilis venom was fractionated using a column of hydroxyapatite. Three
fractions were obtained and tested for early collapse in anaesthetized rats. Only fraction 3 (PTV3;
10 or 20 pg/kg, i.v.) produced a rapid decrease in mean arterial pressure (MAP) followed by
cardiovascular collapse. PTV3-induced early collapse was abolished by prior administration of a
smaller priming dose of PTV3 (i.e. 2 and 5 pg/kg, i.v.) or heparin (300 units/kg, i.v.). P. textilis
venom (1 and 3 pg/ml), but not PTV3 (1 or 3 pg/ml), induced endothelium-dependent relaxation in
isolated rat mesenteric arteries. PTV3 showed 9-10 bands on SDS-PAGE gel. N-terminal
sequencing identified some protein bands of PTV3 as subunits of venom prothrombin activator
pseutarin C of P. textilis venom. Our results indicate that prothrombin activator-like toxin is likely

to be a contributor to the rapid collapse induced by P. fextilis venom.

Keywords: collapse, snake venom, anaesthetized rat, prothrombin activator, brown snake
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1. Introduction

Envenoming by snakes of genus Pseudonaja (brown snake) may result in life-threatening
outcomes including venom-induced consumption coagulopathy (VICC), progressive hemorrhage
and sudden -cardiovascular collapse. Indeed, death due to ‘brown snake-induced -early
cardiovascular collapse’ is the most common cause of death from snake envenoming in Australia
(Allen et al., 2012; Currie, 2004). Although rapid cardiovascular collapse following the injection
of snake venom has been shown in a number of in vivo studies, the toxins responsible for this
effect have not been identified. A number of different mechanisms and toxins have been suggested
to be responsible. It has been hypothesized that temporary occlusion of major vessels induced by
prothrombin activator is a cause of hypotension, collapse and cardiac arrest (Tibballs et al., 1991;
Tibballs et al., 1992). It has also been suggested that the release of depletable endogenous
vasoactive mediators (e.g. histamine, bradykinin) results in hypotension (Myint et al., 1985). We
have recently reported that sudden cardiovascular collapse induced in vivo by taipan (Oxyuranus
scutellatus) venom involves the release of eicosanoids and activation of protein kinase A (PKA),
without a direct effect on the heart (Chaisakul ef al., 2012). Prior administration of small priming
doses of venom prevented collapse suggesting the involvement of endogenous mediators.

A number of components which affect the cardiovascular system have been isolated from
animal venoms. These include bradykinin potentiating peptides (Ianzer et al., 2011) which have
been isolated from viper and crotalid venoms, L-type Ca>" channels blockers (Garcia et al., 2001)
and natriuretic peptides (Vink et al., 2012). The latter are also found in Australian inland taipan
(Oxyuranus microlepidotus) venom and may contribute to cardiovascular collapse (Fry et al.,
2005).

The identification of the toxins that cause early cardiovascular collapse, following
envenoming by brown snakes, is essential to delineate the mechanisms responsible for this effect
and provides valuable insight into effective treatment strategies. Therefore, the aim of this study
was to isolate and characterize the toxin(s) responsible for sudden collapse. We hypothesized that

this toxin may act indirectly via depletable endogenous mediators.
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2. Materials and Methods
2.1 Size-exclusion HPLC

Venom (3 mg) was applied to a Superdex G-75 column (13 pum; 10x300mm; GE
Healthcare, Buckinghamshire, UK) equilibrated with ammonium acetate buffer (0.1 M; pH 6.8).
The sample was eluted at a flow rate of 0.5 ml/min and the output was monitored at 280 nm. The

fractions were collected and pooled, frozen at -80°C and then freeze-dried to remove the solvent.

2.2 Partial purification of toxin inducing early cardiovascular collapse (PTV3)

The toxin purification was performed by Margaret O’Leary at the Department of Clinical
Pharmacology and Toxicology, Calvary Mater Hospital, Newcastle as follows.

Freeze-dried P. textilis venom (4 mg) was dissolved in water (180 ul) and applied to a
column of hydroxyapatite (Bio-Rad HTP gel catalogue No. 130-0420, 4 x 1.7cm, packed in water)
at a flow rate of 1 ml/min. Three fractions were collected and eluted with water (fraction 1),
phosphate buffer (fraction 2; 0.15 M, pH 7), and phosphate buffer (fraction 3; 0.45 M, pH 7).
Samples were collected and reapplied onto a Phenomenex Jupiter C18 column (5 pm; 300 A; 250
mm X 4.6 mm) and eluted with 15% acetonitrile (MeCN)/ 0.1% trifluoroacetic acid (TFA)
increasing to 54% MeCN, at ¢ = 60 min at a flow rate of 0.5ml/min. The eluent was detected at 215

nm.

2.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS — PAGE)

Purified toxin which caused early collapse from 2.2 (11 pg) was resolved on a 4-12 %
precast polyacrylamide gel, NuPAGE® Bis-Tris Precast Gel (Life Technology, Mulgrave,
Australia) under reducing condition (5% B-mercaptoethanol in Laemmli’s sample buffer (62.5 mM
Tris-hydrochloride, 25% glycerol, 2% SDS, 0.01% bromophenol blue). Sample was heated for 5
min at 95°C prior to resolving on SDS-PAGE. Protein bands were visualized by staining with

BioSafe Coomassie G-250 solution (Bio-Rad Laboratories; Hercules, CA USA), followed by de-

164



CHAPTER 8

staining in distilled water. Gel image was captured utilizing Typhoon Trio scanner (GE Healthcare;

Uppsala, Sweden).

2.4 N-terminal sequencing
This determination was performed by Shane Reeve (Department of Biochemistry &

Molecular Biology, Monash University, Australia) as follows.

2.4.1 Trypsin Digest

The gel pieces were washed and dehydrated with alternating washing cycles of 50 mM
ammonium bicarbonate and acetonitrile and then digested with 0.5 pg trypsin (Promega corp.,
Madison, WI, USA) in 20 mM ammonium bicarbonate. Samples were incubated at 37° C

overnight and sonicated for 2 min prior to analysis.

2.4.2 LCMS-MS

Tryptic digests were determined by LC-MS/MS using a HCT ULTRA ion trap mass
spectrometer (Bruker Daltonics, Bremen, Germany) coupled online with a nano HPLC (Ultimate
3000, Dionex Corporation, SunnyBrook, CA, USA). Samples were injected onto a Dionex
pepmapl100, 75 um id, 100A pore size, reversed phase nano column with buffer A (5 % acetonitrile
0.1 % Formic acid) at a flow rate of 300 nl/minute. The peptides were eluted over a 30 min
gradient to 55% B (90 % Acetonitrile 0.1 % formic acid). The eluent was nebulised and ionised
using a Bruker electrospray source with a Low flow electrospray needle with a capillary voltage of
4000 V dry gas at 300 °C, flow rate of 8 I/min and nebuliser gas pressure at 1500 mbar. Peptides
were selected for MSMS analysis in autoMSn mode with smart parameter settings selected and

active exclusion released after 1 min.

2.5 Anaesthetized rat preparation

As per manuscript in Chapter 7.
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2.6 Procoagulant assay

As per manuscript in Chapter 6.

2.7 Rat mesenteric artery preparation

As per manuscript in Chapter 5.

2.8 Determination of PLA; Activity

As per manuscript in Chapter 6.

2.9 Chemicals and drugs
The following drugs and solutions were used: ACh, phenylephrine HCI, HOE140 and
indomethacin, all from Sigma Chemical Co. (St Louis, MO, USA); mepyramine maleate (May &

Baker, Dagenham, UK); and heparin sodium (Hospira, VIC, Australia).

2.10 Analysis of Results and Statistics

As per manuscript in Chapter 5.

3. Results
3.1 Size-exclusion HPLC

Size exclusion HPLC analysis of P. textilis venom indicated seven major peaks that were
collected (Figure la) for further screening in the anaesthetized rat. A rapid decrease in MAP
followed by collapse was observed following the administration of fraction A (i.e. all fractions
from the venom recombined; 100 pg/kg, i.v.; Figure le). Then, each peak was individually tested
in the anaesthetized rats. Peaks 3 and 4 (50 pg/kg, i.v.) caused transient hypotension without
collapse. A higher dose of peak 4 (i.e. 100 png/kg, i.v.; Figure 1d), but not peak 3 (Figure Ilc),
induced cardiovascular collapse in 4-5 min. The combination of peaks 3, 4 and 5 (100 pg/kg, i.v.)

induced cardiovascular collapse within 10 min (Figure 1b). These results indicated a loss or
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reduction of toxin activity. Thus, purification of the toxin using a column of hydroxyapatite was

performed.

3.2 Identification of PTV3

On a column of hydroxyapatite, venom was separated into fractions 1-3. The fractions
were reapplied onto a Phenomenex Jupiter C18 column (Figures 2b-d). Each fraction was tested
for early cardiovascular collapse (Figures 4 and 5a). Only fraction 3 caused early collapse in the
anaesthetized rat and was subsequently named as PTV3.

PTV3 was run on a 4-12% Bis-Tris gel and indicated the presence of 9-10 protein bands
over a range of 2-100 kDa (Figure 3). The amino acid sequences of the protein bands within the gel
were determined, based on their molecular mass showing on the gel.

Data from LC-MS/MS was exported in Mascot generic file format and searched against
the NCBI and Swiss-Prot databases using the MASCOT search engine. Bands 1 (MW ~100 kDa)
and 2 (MW 50-75 kDa) of PTV3 were identified as the non-catalytic subunit of prothrombin
activator, pseutarin C of P. textilis venom while bands 5 (MW 25-37 kDa) and 6 (MW ~25 kDa)
showed similarity in sequence to the catalytic subunit of pseutarin C. Band 10 (MW ~5 kDa)
displayed similarity in sequence to the non-catalytic subunit of prothrombin activator, oscutarin C

of O. scutellatus venom.

3.3 Effect of PTV3 on anaesthetized rats

PTV3 at 2-5 pg/kg (i.v., n = 4-5) caused a 59 + 14% and 90 = 7% decrease in MAP of the
anaesthetized rats, respectively (Figure 5b). Cardiovascular collapse was observed following
administration of higher doses of PTV3 (i.e. 10 or 20 pg/kg) (Figure 5a). At the time point of a
50% reduction of MAP, there was no significant change in heart rate (Figure 5c).

The prior administration of PTV3 (2 and 5 pg/kg or 2 discrete additions of 2 pg/kg, i.v.)
prevented cardiovascular collapse induced by the subsequent administration of 10-20 pg/kg, i.v.

PTV3 (P < 0.05, Student’s unpaired ¢-test, n = 4; Figure 5b).
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The prior administration of heparin (300 units/kg, i.v., n = 4) prevented cardiovascular
collapse induced by PTV3 (10 pg/kg, i.v., P < 0.05, one-way ANOVA). However, mepyramine (2
mg/kg, i.v., n = 3) did not prevent cardiovascular collapse induced by PTV3 (10 pg/kg, i.v.; Figure
6).

In addition, prior administration of indomethacin (30 mg/kg, i.v., n = 4) or HOE140 (30
pg/kg, n = 3) also protected animals from PTV3-induced early cardiovascular collapse without a

significant reduction in the decrease in MAP following the administration of PTV3 (Figure 6).

3.4 Procoagulant assay
A plot of clotting time versus venom/toxin concentration indicated a concentration-
dependent procoagulant response over the range of 3.125-1000 ng/ml of PTV3 and P. textilis

venom in human plasma (Figure 7).

3.5 Phospholipase A; activity
P. textilis venom had significantly higher PLA, activity (67.7 = 4 pmol/min/mg) compared
to PTV3 (2.4 = 0.7 pmol/min/mg; n = 3; one-way ANOVA, P < 0.05). The positive control bee

venom displayed PLA,; activity of 317.5 + 13.1 umol/min/mg.

3.6 Isolated mesenteric artery
P. textilis venom (1 or 3 pg/ml) produced a relaxation response in rat mesenteric arteries (n
=6, P < 0.05, one-way ANOVA). In contrast, PTV3 (1 or 3 pg/ml) failed to produce significant

vascular relaxation in rat mesenteric artery rings (n =5, P > 0.05, one-way ANOVA; Figure 8).
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4. Discussion

PTV3, a prothrombin activator like compound, was isolated from P. fextilis venom. PTV3
induced sudden cardiovascular collapse in the anaesthetized rats, an effect mimicking that of the
whole venom. PTV3 induced cardiovascular collapse without a significant change in heart rate
suggesting a lack of direct effect on the heart. Prior administration of small priming doses of PTV3
protected against early cardiovascular collapse.

Screening of the size-exclusion HPLC fractions of P. textilis venom indicated that peak 4
caused cardiovascular collapse. However, this method for isolating the toxin was not optimal as
either pooled fractions of whole venom or a high dose of peak 4 was required to induce collapse.
This may indicate that collapse is generated by the synergistic effect of several compounds in the
venom or that the efficacy of the responsible toxin(s) had been reduced during the purification
procedure. Therefore, purification of the responsible toxin using a column of hydroxyapatite was
performed. Fraction 3 of P. textilis venom from the hydroxyapatite column or PTV3 induced rapid
cardiovascular collapse as indicated by unmeasurable MAP.

The LCMS-MS sequencing of trypsin digested protein bands from SDS-PAGE analysis
indicated that the protein bands of PTV3 are similar to pseutarin C, the major prothrombin
activator from P. fextilis venom. Pseutarin C is a group C prothrombin activator complex (MW ~
250 kDa), consisting of enzymatic and non-enzymatic subunits (Rao and Kini, 2002). The catalytic
subunit of pseutarin C comprises a light chain and heavy chain linked together with a disulfide
bond. The catalytic and non-catalytic subunits of pseutarin C display homology to mammalian
factor Xa and factor Va, respectively, in the N-terminal sequence (Rao and Kini, 2002).

Previous studies reported that the administration of the prothrombin activator, from P.
textilis venom (Masci et al., 1988), or trocarin (Joseph et al., 1999), a group D prothrombin
activator from Tropidechis carinatus venom, caused death in animals within several minutes.
Tibballs ef al. (1991, 1992) suggested that brown snake venom caused depression of systemic
blood pressure and cardiac output in anaesthetized dogs via the action of prothrombin activator-

induced occlusion of major arteries. However, it is unlikely that coronary artery occlusion is
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responsible for snake venom-induced cardiac collapse as chest pain is rarely reported, and sudden
but transient hypotension is not a common feature of coronary artery occlusion.

The protective effect of prior administration of small doses of PTV3 can be attributed to
the depletion of endogenous mediators involved in the hypotensive response. In the current study,
administration of heparin prior to the injection of PTV3 prevented cardiovascular collapse
suggesting the involvement of histamine or other relevant mediators as heparin has been shown to
inhibit the release of histamine as well as the effects of bradykinin and/or prostaglandins (Carr,
1979; Inase et al., 1993). Indeed, isolated PLA;s or snake venom metalloproteinase also activate
human mast cells resulting in histamine release, an effect inhibited by heparin (Wei et al., 2006;
Wei et al, 2010). Mepyramine did not prevent cardiovascular collapse induced by PTV3
suggesting that H; receptor is unlikely to be responsible for brown snake venom/toxin-induced
early collapse. Interestingly, prior administration of indomethacin or HOE140 also protected
against early cardiovascular collapse, although a significant inhibition of the fall in MAP was not
observed. This may suggest the involvement of prostacyclin and/or bradykinin in early collapse.
Therefore, further investigation of the role of mast cell degranulation is required to better
understand the role of endogenous compounds.

A number of snake venoms or phospholipase A,s (PLA;s) display vascular relaxant and
hypotensive responses on isolated vasculature (Huang and Lee, 1985) and in vivo models (Huang,
1984), respectively. P. textilis venom, but not PTV3, induced relaxation in isolated rat mesenteric
arteries suggesting the absence of a direct vascular effect of PTV3.

In conclusion, PTV3, a prothrombin activator-like toxin, appears to be a responsible toxin
for, or contribute to, the early cardiovascular collapse observed in vivo in anaesthetized rats. The

effect is due to the release of depletable endogenous mediators.
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Figure 1: Size exclusion chromatograph of P. textilis venom indicates peaks 1-7 and the area of
fraction A (a). MAP of anaesthetized rats following the administration of mixture of (b) peaks 3-5;

(c) peak 3; (d) peak 4 and (e) fraction A (100 ug/kg, i.v.; n = 2-3).
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Figure 2: (a) P. textilis venom (7 indicating PTV3), (b) fraction 1, (c) fraction 2 and (d) PTV3 on
a Phenomenex Jupiter analytical C18 column, equilibrated with 15% MeCN/0.1% TFA increasing
to 54% MeCN at t = 60, flow rate 0.5 ml/min. The samples were detected at 215 nm.
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(lane A) and bands cut out for N-terminal sequencing (lane B).

176



CHAPTER 8

(a)

Fraction 1
20 ug/kg, i.v.

Time (min)

(b) Fraction 2
20 ug/kg, i.v.

Time (min)

Figure 4: Traces showing the effect (a) fraction 1 or (b) fraction 2 (20 ug/kg, i.v.) of P. textilis
venom from the hydroxyapatite column on MAP of the anaesthetized rats.
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Figure 5: (a) Effect of PTV3 (10 ug/kg, i.v.) on MAP in an anaesthetized rat. (b) Effect of PTV3
after single injection (2, 5, 10 and 20 ug/kg, i.v., n = 4-5) in different rats and sequential addition
of PTV3 (2, 5, 10 and 20 ug/kg, i.v., n = 4) in the same rat on MAP. *P < .05, significantly
different from single injection, Student’s unpaired t-test.(c) A comparison of heart rate before and
after single injection of PTV3 (measured at the point when MAP had decreased by 50%).
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Figure 6: The effect of PTV3 (10 ug/kg, i.v.) on MAP of the anaesthetized rats in the absence and
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or HOE140 (30 ug/kg, i.v.). *P<0.05, significantly different from PTV3 alone, one-way ANOVA,
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Figure 7: Plots of clotting times versus concentrations of P. textilis venom and PTV3.
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GENERAL DISCUSSION

Neurotoxicity and cardiovascular collapse are significant outcomes following envenoming
by some Australasian elapids. Persistent neurotoxicity, following death adder envenoming, and
early collapse resulting in death after brown snake envenoming have been reported in humans
(Allen et al., 2012; Johnston et al, 2012). Identifying the mechanism(s) behind these life-
threatening clinical complications is required to assist in the development of effective treatment
strategies. In this thesis, the mechanisms responsible for neurotoxicity and cardiovascular collapse

were explored.

Determination of Neurotoxicity

Based on the amount of venom required to kill 50% of a population of mice (i.e. murine
LDsy) (Broad et al., 1979), the Australo-Papuan region is home to many of the world’s most
venomous snakes. Whether this is an accurate representation of the risk of mortality to humans is
open to debate. LDs, tests are becoming far less common due to ethical concerns and more strict
regulatory requirements in many countries including Australia (Kuruppu et al., 2008). In addition,
it has been suggested that the value of LDs, studies in determining the toxicity of venoms is
limited as they only measure the concentration of venom/toxin to cause 50% lethality of the
animal population within a defined period but do not take into an account the duration or time
frame of the toxicity (Hodgson and Wickramaratna, 2002). Therefore, in vitro studies using
isolated tissue preparations e.g. mouse or rat phrenic nerve hemi-diaphragm preparations, toad
rectus abdominis or CBCNM preparations have an important role in the pharmacological
characterization of snake venoms/toxins (Hodgson and Wickramaratna, 2002). Given the
presence of both focally- and multiply innervated skeletal muscle fibers, the CBCNM preparation
is a very useful screening tool to distinguish between postsynaptic and presynaptic neurotoxicity,
and to examine myotoxic activity by direct muscle stimulation (Ramasamy et al., 2004).
However, when studying crude venom, presynaptic neurotoxicity can be concealed by the rapid

effect of a-neurotoxins present in the venom (Kuruppu et al., 2008). The time taken to inhibit the
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nerve-mediated twitches by 90% (i.e. fo9 value) of skeletal muscle preparations is an indicator of
the rank order of potency for venoms/toxins providing valuable insight into the kinetics of toxin-
receptor binding. Therefore, the data obtained from fo experiments is different, but

complementary, to those obtained from LDs, studies (Kuruppu et al., 2008).

Characterization of pre-synaptic neurotoxins from Australasian elapid venoms

Neurotoxicity is a common clinical characteristic of patients envenomed by snakes of
genus Oxyuranus or genus Acanthophis, while this effect is likely to be absent following brown
snake (genus Pseudonaja) envenoming despite the venom containing a pre-synaptic neurotoxin
‘textilotoxin’. This anomaly is commonly referred to as the ‘Brown snake paradox’ (Currie, 2000).
The lack of clinical neurotoxicity following brown snake envenoming may be due to the relatively
small amount of the pre-synaptic neurotoxin in the venom and the apparent low potency of
textilotoxin (Barber et al., 2012). Species differences in the binding of post-synaptic neurotoxins to
the skeletal muscle nAChRs have also been shown to contribute to differences observed in the
onset of neurotoxicity (Hart et al., 2008; 2011; 2013a). It has been demonstrated that venom of
Pseudechis spp. (Black snakes) display poor binding activity at human and rat skeletal muscle
nAChRs compared with their binding at nAChRs of chick skeletal muscle (Hart et al., 2008; Hart
et al., 2011). In vitro experiments showed that an avian skeletal muscle preparation was more
susceptible to the effects of these toxins compared with murine muscle preparations (Hart et al.,
2013a). This species difference in binding activity may help to explain the absence of neurotoxicity
in Pseudechis colletti envenomed patients (Isbister et al., 2006a).

Based on these studies, pre-synaptic neurotoxins, rather than post-synaptic neurotoxins,
may be the major contributors toward the development of neurotoxicity in envenomed patients. In
support of this, Johnston et al. (2012) reported persistent neurotoxicity in death adder envenomed
patients which did not respond to large doses of antivenom or anticholinesterases. The onset of
neurotoxicity was primarily observed more than 3 hours post-bite (Range; 0.5-15.5 hours). Early

administration of antivenom was not associated with less severe neurotoxicity suggesting the
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‘irreversible’ neurotoxicity induced by pre-synaptic neurotoxins (Johnston et al., 2012). This
indicates that post-synaptic neurotoxins, which normally respond well to antivenom (Barber et a/,
2013; Tan et al., 2006), are unlikely to be the major contributors to death adder-induced
neurotoxicity. Indeed, pre-synaptic neurotoxins have been isolated and characterized from A.
antarcticus (Blacklow et al., 2010a), A. praelongus and A. rugosus venoms (Chapter 2).

Pre-synaptic neurotoxins from A. praelongus and A. rugosus were named P-EPTX-Apla
and P-EPTX-Arla, respectively, based on the rational nomenclature system (King et al., 2008).
The prefix ‘P’ indicates a presynaptic PLA, activity, while ‘EPTX’ is the abbreviation of
‘elapitoxin’ which refers to the generic name for toxins from elapid venoms. ‘Ap’ and ‘Ar’ are the
genus and species descriptors for A. praelongus and A. rugosus, respectively. ‘1’ was chosen to
represent multimeric snake pre-synaptic PLA, neurotoxin vs. ‘2’ for monomeric snake pre-synaptic
PLA; neurotoxin and ‘a’ denotes the first isoforms found (Blacklow et al., 2010a).

Many snake venom pre-synaptic neurotoxins contain multiple subunits held together by
noncovalent interactions. Dissociation of these subunits significantly attenuates the toxic activity of
the neurotoxin (Fohlman et al., 1976; Francis et al., 1993). Using RP-HPLC, we have shown that
P-EPTX-Apla and P-EPTX-Arla dissociate into 4 subunits i.e. y, a, Bl and f2. The Bl and B2
subunits of P-EPTX-Apla and P-EPTX-Arla have similar molecular weights and are likely to be
isoforms. Under the same conditions, cannitoxin, from the venom of the Papuan taipan, also
dissociates into four peaks, two peaks being isoforms of the B subunit as well as y and a subunits
(Kuruppu et al., 2005b). The y subunit is acidic and glycosylated as evidenced by a broadening of
the peak presented in the MALDI-TOF mass spectrometry (Chapters 2 and 3). The presence of a y
subunit in both death adder pre-synaptic neurotoxins was not observed initially when 40 pg protein
of P-EPTX-Apla or P-EPTX-Arla was loaded on to the RP-HPLC. However, it should be noted
that the venom profile is dependent on the pH of the mobile phase (Han et al., 2012), the amount of
loaded protein (Martins et al., 2012; Skidan et al., 2011), temperature, individual venom
components and possible geographical variations in the locality of the snakes used for venom

collection (Winter et al., 2010).
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The potency of snake pre-synaptic neurotoxins are different and depend on the tissue
preparation used for testing and the snake species from which the toxin is isolated (Chang et al.,
1977). Comparing the pre-synaptic neurotoxins from death adder venoms, based on #g, values in
an avian preparation, death adder pre-synaptic neurotoxins displayed very similar inhibitory
activity (i.e. approximately 78 min; Table 9.1) although it should be noted that different
concentrations were used in the different studies. Changing the temperature of the bathing
solution or the frequency of nerve stimulation also affects the degree of neurotoxicity in in vitro
studies (Su et al., 1983). In the current studies, increasing the rate of indirect stimulation from 0.2
Hz to 1.0 Hz accelerated the inhibitory action of P-EPTX-Arla and P-EPTX-Ap]la. Increasing the
rate of nerve stimulation may produce an increase in [Ca™']; resulting in facilitation of
neurotransmitter depletion (Hodgson et al., 2007; Su et al., 1983) and producing a more rapid

decrease in twitch height as evidenced by a lower 2o, value.

Table 9.1: Pre-synaptic neurotoxins isolated from some Australasian elapid venoms

Species Toxin Molecular mass Number t90 (min)
(Da) of subunits
O. microlepidotus Paradoxin® 45,000 3 129 + 8 (65nM)°
(inland taipan)
O. s. scutellatus Taipoxin® 46,800 3 126 + 12 (66 nM)"
(Australian coastal taipan)
O. scutellatus Cannitoxin® 44,770 3 43 £2 (65 nM)
(Papuan taipan)
P. textilis Textilotoxin® ~80,000 5 350 (3 nM)

(eastern brown snake)

A. antarcticus P-EPTX-Aala® 44,698 3 74 +£3.5(222 nM)
(common death adder)

A. praelongus P-EPTX-Apla 43,285 3 79.5 8 (100 nM)'
(northern death adder)

A. rugosus P-EPTX-Arla 44,093" 3 79.6 + 6 (100 nM)’
(Irian Jayan death adder)

*(Fohlman, 1979) °(Hodgson et al., 2007) ‘(Fohlman et al., 1977)
%(Crachi et al., 1999a) *(Kuruppu et al., 2005b) '(Suetal., 1983)
!(Blacklow et al., 2010a) "(Chaisakul et al., 2013) '(Chaisakul et al., 2010)
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Studies examining the reversibility of the in vitro effects of pre-synaptic neurotoxin by
antivenoms are limited. One study showed that the addition of antivenom at the #4 time point failed
to reverse the inhibitory effect of Papuan taipan venom on the CBCNM preparation confirming the
irreversible nature of pre-synaptic neurotoxicity (Kuruppu et al., 2005b). In contrast, the present
study shows that CSL death adder antivenom neutralized the pre-synaptic neurotoxins P-EPTX-
Arla and P-EPTX-Apla when added to the skeletal muscle preparations prior to the toxins. This
indicates that the commercial antivenom is able to interact with the pre-synaptic neurotoxins

(Kuruppu et al., 2005b), although timing is critical.

Mpyotoxicity and Cytotoxicity induced by snake pre-synaptic neurotoxins

Secreted PLA, enzymes have been studied in a number of physiological systems. The
PLA;s used in the current study are class I PLA,s from elapid venoms while PLA;s present in
viperid venoms belong to class II. Class II PLA;s are subdivided into Asp49 PLA, and Lys49
PLA,. Asp49 PLA;s induce apoptosis in cultured rat neurons by receptor-mediated internalization
(Herkert et al., 2001). Lys49 PLA,s are devoid of enzymatic activity as the substitution of lysine
for aspartate causes a loss of activity. This substitution affects calcium binding site and catalytic
centre causing an inability of the protein to bind to Ca®" (Lomonte et al., 2003). The role of
Lsy49 has not been investigated in elapid venoms (Lomonte and Rangel, 2012), although it has
been suggested that the isolated myotoxins from the venom of 4. laevis (previously known as
death adder sp. Seram), acanmyotoxin 3 and acanmyotoxin 2 are Lys49 PLA; and Asp49 PLA,,
respectively (Hart et al., 2005). However, the full amino acid sequencing of both toxins is
required to discover the identity of the amino acid at position 49.

The death adder pre-synaptic neurotoxins isolated in the current study displayed marked
PLA, activity. An investigation of the myotoxic and cytotoxic activities (Chapter 3) was
subsequently undertaken. The venoms and pre-synaptic neurotoxins from the Irian Jayan death
adder (4. rugosus) and Papuan taipan (O. scutellatus) were chosen due to the ability of these

venoms to induce myotoxicity in envenomed patients and their geographical overlap.
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Obvious differences in the myotoxic activity of A. rugosus and O. scutellatus venoms
were observed. Interestingly, the pre-synaptic neurotoxin from each venom produced similar
morphological changes in the chick skeletal muscle. This was characterized by vacuolation due
to dilatation of the sarcoplasmic reticulum (Ownby et al., 1976). Additional changes that included
swelling of mitochondria, disorganized myofibrils, and degeneration of the myofilaments, which
also indicate snake venom-induced pathological changes in skeletal tissues (Kuruppu et al.,
2005a; Wickramaratna et al., 2003a), were not observed. However, assessment of blood creatine
kinase levels following the administration of snake venoms/purified toxins to rodents may be an
alternative method to evaluate the degree of myotoxic activity.

The cytotoxic effects of 4. rugosus venom on the rat skeletal muscle cell line (L6 cell)
was time dependent which is in agreement with a previous study performed by our laboratory
(Kalam et al., 2010). Kini (2003) has reported that the pharmacological effects of PLA, will
incrementally increase in relation to incubation time (Kini, 2003). O. scutellatus venom and
cannitoxin induced myotoxicity on the chick preparation, but not cytotoxicity in the L6 rat
skeletal muscle cell line, suggesting species differences in the interaction of the PLA, toxin and

target sites on the tissue (Kini, 2003).

Snake pre-synaptic PLA; neurotoxin-induced an increase in [Ca’"];

As [Ca®"]; plays an important role in the exocytosis of neurotransmitter release and cellular
homeostasis, the effect of P-EPTX-Arla on the increase in [Ca%]i of mouse DRG neurons was
determined using Ca®" imaging techniques. Clinically, there is limited evidence to suggest that
snake venoms/neurotoxins affect the CNS. Thus, mouse DRG neurons were chosen as they are
more likely to represent the peripheral targets of snake neurotoxins. A rise in [Ca®']; was abolished
as soon as the extracellular Ca®" from the physiological solution was omitted or in the presence of
L-type or P/Q type Ca’" channel blockers including cationic channel blockers (i.e. SKF-96365,
MKS801). An NMDA receptor antagonist, MK801, also attenuated Ca”" influx induced by P-EPTX-

Arla. This suggests that the effect of P-EPTX-Arla on the increase in [Ca’’]; may involve the
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glutamatergic system which overstimulates the plasma membrane. This result supported the work
of Tseng and Lin-Shiau (2003b) who demonstrated that neurotoxicity of B-bungarotoxin might be
mediated through direct or indirect activation of NMDA receptors and Ca®" channels. Although a
number of studies have shown the involvement of pre-synaptic neurotoxins in the increase in
[Ca®); of neurons, there are few studies examining the effects of snake neurotoxins on ion
channels. Electrophysiological examination indicated that P-EPTX-Arla may activate the opening
of voltage-gated Na" channels causing membrane depolarization. In fact, P-EPTX-Arla displays a
similar action to crotamine, a small basic polypeptide myotoxin from the venom of the South
American rattlesnake (Crotalus durissus terrificus) (Radis-Baptista and Kerkis, 2011). Crotamine
induces pathological changes in skeletal muscle e.g. vacuolation of SR, myonecrosis and spasticity
in the hind limbs of rodents and dogs (Oguiura et al., 2005). In addition, crotamine evokes
membrane depolarization on skeletal muscle cells and influx of Na" which are inhibited by TTX

and the attenuation of extracellular Na" (Chang and Tseng, 1978; Ownby et al., 1988).

Cardiovascular effects

The mechanisms behind cardiovascular effects are described in Chapters 5, 6, 7 and 8.
Snake venom cardiotoxins or ‘direct lytic factors’ have been reported to induce cardiac arrest,
degeneration of cardiomyocytes (Tzeng and Chen, 1988) and cytolysis (Chen and Chu, 1988).
However, these components appear to be absent in Australasian elapid venoms. In the current
study (Chapter 5), in vitro experiments confirmed that O. scutellatus venom had no effect on the
heart. Indeed, subsequent experiments outlined in this thesis indicate that the release of vasoactive
substances is responsible for the sudden cardiovascular collapse which occasionally occurs
following envenoming by some Australasian elapids.

The vascular effects of Australasian elapids venoms have been previously investigated in
rat isolated aortic rings, with the relaxant effects observed being shown not to involve NO or
cyclooxygenase metabolites (Bell ef al., 1999; Crachi et al., 1999b). In the present study (i.e.

Chapters 5 and 6), vascular relaxation of rat mesenteric arteries induced by O. scutellatus venom,
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and an isolated fraction (i.e. OSC3), was shown to involve a cellular cascade of PGI, and PKA.
The PLA,; activity of OSC3 may mediate the hypotensive and relaxant effects through membrane
hydrolysis leading to the generation of arachidonic acid (Trevisi ef al., 2002) which is converted to
PGI, via the cyclooxygenase pathway (Mehta et al., 1983). In Chapter 6, OSC3 induced a right-
ward shift of the concentration-relaxation curve to ACh indicating that this snake venom PLA,
may induce a direct effect on the vascular endothelial cells.

Sudden cardiovascular collapse induced by taipan venom is unlikely to be solely due to the
effects of PLA, enzymes since the administration of purified PLA;s did not produce cardiovascular
collapse (Chapter 6). Interestingly, the pooled mixture of isolated fractions failed to replicate the
sudden collapse induced by the whole venom. This may be explained by the fact that the toxins had
been denatured during the purification procedure or there might be other components which have

not been included in the ‘mixture’ which induce cardiovascular collapse.

How incrementally increasing the dose of venom prevents early cardiovascular collapse

The ‘self-protective effect’ of prior administration of priming doses of snake venoms from
the same or different families (Chapters 7) suggested that early collapse is likely to involve a
common mechanism/pathway activated by different snake venom e.g. venom-induced
autopharmacological release of endogenous vasoactive compounds (e.g. histamine, serotonin and
bradykinin) which result in severe, rapid hypotension and may appear similar to anaphylaxis
(Myint et al., 1985). However, the in vivo study presented in Chapter 5 indicated that sudden
cardiovascular collapse following taipan envenoming was not reliant on histamine or serotonin
involvement as the prior administration of the mixture of mepyramine (H; receptor antagonist) and
cimetidine (H, receptor antagonist) or methysergide (5-HT, antagonist) failed to inhibit
cardiovascular collapse.

It has been suggested that the resultant thrombi from VICC may occlude systemic vessels
resulting in cardiac disturbance (Tibballs et al., 1991; Tibballs et al., 1992). In the current study,

the venoms causing early cardiovascular collapse (i.e. from Oxyuranus spp. and Pseudonaja spp.)
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contain activators of factors V and X (Speijer et al., 1986) or, in the venom of Daboia russelii,
procoagulant metalloproteinase (Mukherjee, 2008). It could be suggested that the self protective
effect of snake venom is due to a deficiency of clotting factors following the administration of
priming doses of the snake prothrombin activator or venom. However, our study (Chapter 5)
indicates that protective effect of priming doses was ‘lost” after about 1 hour while the re-synthesis
of clotting factors takes 24 to 48 hours (Isbister et al., 2010b; Tanos et al., 2008). Therefore
protective effect of priming doses of snake venom is much more likely to be due to a mechanism

involving the release of endogenous mediators.

Efficacy of polyvalent antivenom on snake venom-induced early collapse

Administration of CSL snake antivenoms is the current mainstay treatment of systemic
snake envenoming in Australia and Papua New Guinea. A previous study has indicated that CSL
snake monovalent antivenoms are in fact polyvalent (O'Leary and Isbister, 2009). Therefore, CSL
polyvalent snake antivenom was used in the current study. The efficacy of brown snake antivenom
against brown snake-induced cardiovascular depression and coagulopathy has been demonstrated
by incubation of venom and antivenom at 37°C for 30 min prior to administration to the animals
(Tibballs and Sutherland, 1991). In the current study, prior administration of CSL polyvalent snake
antivenom (i.e. 500 units/kg 1i.v.), protected animals from sudden collapse induced by
O. scutellatus or P. textilis venoms. Moreover, Western blots analysis confirmed that CSL
polyvalent antivenom was antigenic to key venom proteins. Administration of polyvalent
antivenom, at the time point where MAP had decreased by 50%, prevented complete collapse
(Chapter 7). This indicates the efficacy of polyvalent antivenom to reverse sudden collapse.
Interestingly, this effect is in contrast to the early collapse induced by jellyfish venom which
cannot be reversed by antivenom, perhaps indicating a difference in the time to onset of the

toxin(s) involved (Winter et al., 2009).

190



CHAPTER 9

Future directions

Snake venom PLA, enzymes are associated with a vast array of pharmacological activities.
Pharmacological effects can be induced by the binding activity between pharmacological sites of
PLA, and target sites on tissue. Identification of the target protein for snake venom PLA;s i.e.
OSC3a or OSC3b on vascular smooth muscle or endothelial cells may help to elucidate the
mechanism behind the vascular relaxant effect of PLA,. In addition, patch clamp recording of
specific cloned voltage-gated channels (e.g. VOCCs and Ky) may allow us to elucidate the activity
of pre-synaptic neurotoxins on specific ion channels.

The protective effect of heparin may be related to the inhibition of vascular mediator
release (Inase et al., 1993). Therefore, determination of mast cell degranulation is required to
investigate the effect of Australasian elapid venoms on mediator release as have been reported for

cobra venom PLA; (Wei et al., 2006; Wei et al., 2010).

Conclusions

It is anticipated that the data from in vivo and in vitro studies of four Australasian elapid
venoms, described in this thesis, will be of both clinical and experimental importance. The
presence of pre-synaptic PLA, neurotoxins in some death adder venoms is likely to result in
persistent or delayed neurotoxicity. P-PTX-Arla also induced cytotoxicity by mechanism
involving an increase in [Ca”'];. Interestingly, P-EPTX-Arla is the first pre-synaptic neurotoxin
from Australasian elapid venom shown to affect cationic channels leading to membrane
depolarization. In particular, it is expected that P-EPTX-Arla may be a useful research tool in the
understanding the cellular processes that underlie neurotoxicity or other outcomes.

Finally, Australasian elapid venoms induce profound effects on the cardiovascular system
including; (1) indirect vascular relaxation via vasoactive mediators, and (2) the presence of
prothrombin activator-like compounds causing rapid cardiovascular collapse through a mechanism
involving depletable endogenous mediators. Therefore, it is hoped that these studies will provide

the treatment strategy for envenomed patients.
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