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ABSTRACT
There are up to 3,000 reported snakebites in humans and an estimated 6,000 snakebites
in domestic animals each year in Australia. Some Australian elapids of medical
importance include Brown snakes (Pseudonaja spp.), Tiger snakes (Notechis spp.) and
related snakes (Stephens’ banded (Hoplocephalus stephensii) and rough scaled snakes
(Tropidechis carinatus) which are the focus of this thesis. Their venoms contain one of
more of the following; potent coagulant, myolytic, and neurotoxic components.
Envenomings by these snakes result in similar initial clinical presentations,
predominantly coagulopathy, and cause serious morbidity in patients. Members of the
tiger snake group are indistinguishable from each other by the commercial venom
detection kit so it is unclear what proportion of bites is due to each of these closely
related species (Notechis sp, H.stephensii and T.carinatus). Crude venom has previously
been measured in envenomed brown snake patients and a small number of tiger snake
patients by enzyme immunoassay (EIA) but has not been reported for the closely related
tiger snake group. Moreover, the quantitation of venom and individual venom
components has not been reported in clinically envenomed domestic animals. Under the
umbrella of the Australian Snakebite Project (ASP) and in collaboration with the
Murdoch Emergency Pet Centre (MPEC), 19 envenomed human and 14 domestic
animal patients were examined for this study.

This thesis focuses on the coagulopathic effects of Australian snake venoms as venominduced consumptive coagulopathy (VICC) is the most common potentially lethal
clinical manifestation of envenoming. While a considerable amount is already known
about the structure and function of Australian elapid venom procoagulants, it is not
known whether the severity of VICC varies between species of snake and whether the
vii

current antivenoms are sufficiently effective. In Chapter 1, a review of the most recent
knowledge on the topic is presented, followed by Chapter 2, outlining the specific aims
and strategies of this project. The overarching aim of this project was to improve
understanding of VICC. This has been achieved by developing sensitive, speciesspecific diagnostic assays to: (i) accurately determine which species of snake (Notechis
sp, T.carinatus or H.stephensii) is responsible and (ii) measure crude venom,
coagulopathic and neurotoxic components of venom in serial patient samples. In
Chapters 3, the development and characterisation of a panel of monoclonal (mAb) and
polyclonal (pAb) antibodies is described and in Chapter 4, these antibodies were used to
develop highly specific immunoassays to identify various Australian elapid crude
venoms, the procoagulant component of Pseudonaja textilis (PtPA) and the presynaptic
neurotoxin, Notexin from the Notechis species, in envenomed patients.

Chapter 5 assesses the ability of various commercially available (Australian) human and
veterinary antivenom (AV) preparations to bind and neutralise the procoagulant, by
measuring their ability to inhibit venom-induced human and canine plasma clotting
combined with Western Blot (WB) binding assays. In-house pAbs against PtPA have
been successfully demonstrated to be effective at neutralising the procoagulant venom
effects of P.textilis. Results for the efficacy of brown snake AVs to neutralise the
effects of different brown snake species suggests that the protection offered by
commercial AVs may be dependent on the brown snake species it has been raised
against, identifying an area for further study.

Although AV has been found to neutralise circulating venom, little is known about
tissue localisation of venom components and AV. Such information may support or
contradict our understanding of envenoming and its treatment. The work in Chapter 6 is
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therefore aimed to assess histopathological changes and in situ tissue localization of
brown snake and tiger snake venom components. Using the panel of mAb and pAbs
against whole venom and individual toxins, various tissues were stained in experimental
animals with sub-lethal venom exposure. In addition, fresh frozen tissues from two
envenomed domestic animals (which died as a result of envenoming) were also stained
to confirm toxin location. The histopathological changes in the two clinically
envenomed domestic animals (tissues assessed: lung, heart, kidney and muscle) were
also characterised. By immunohistochemistry, venom was observed in and around the
glomerulus in the kidney and in both muscle and lung tissue of the envenomed animals.
The detection of venom in the kidney is consistent with the high venom concentrations
detected in animal patient urine samples described in chapter 5. This work has shown
that the developed panel of anti-snake antibodies have provided novel tools for
examining venom toxins in vivo in clinically envenomed patients.
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Chapter 1
Literature Review

1.1 Introduction
There are up to 3,000 reported snakebites in humans [1, 2] and an estimated 6,000
snakebites in domestic animals each year in Australia [3] many requiring antivenom (AV)
treatment. A more recent estimation suggested 1000- 1,200 human envenomings in
Australasia in 2007 [4]. The most common, potentially lethal clinical feature seen in
envenomed humans is venom-induced consumptive coagulopathy (VICC); a result of
procoagulant toxins in the venom. There is uncertainty as to whether the clinical features
and severity of VICC vary between snake species and if currently available antivenom
(AV) treatments are sufficiently effective against each species‟ venom that they are used to
treat. This work contained in this thesis is aimed to provide useful tools to further our
understanding of VICC. This has been achieved by: (i) developing diagnostic assays
capable of differentiating and quantifying crude venom and individual toxins in envenomed
patient serum and urine, (ii) developing methods of identifying venom toxins in situ in
envenomed patient tissue and (iii) assessing the neutralising potential of various Australian
AV preparations against a number of species venoms. The following literature review of
Australian snake envenomings will provide the basis for understanding the clinical context
for research into the detection of snake venoms and efficacy of antivenom treatments.

1.2 Venoms of Australian Elapids
A significant number of the world‟s front fanged venomous snake species reside in
Australia numbering some forty genera and approximately one hundred species, not all of
which however, are of medical significance. All of the venomous Australian land snakes
belong to the elapid family [5]. The brown snakes (Pseudonaja sp.), taipans (Oxyuranus
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sp.), tiger snakes (Notechis sp.), black snakes (Pseudechis sp.) and death adders
(Acanthophis sp.) are among Australia‟s most venomous. Recent studies have used
exploratory proteomic approaches [6-9] to analyse complex venom mixtures. Unlike some
of the more potent venoms like those from Pseudonaja textilis (Duméril, Bibron and
Duméril), the common brown snake and Oxyuranus microlepidotus (McCoy), the inland
taipan, which have been thoroughly described in the literature, many Australian snake
venoms are still poorly understood.

The clinical effects of envenomings by Australian snakes can include VICC and
haemorrhage, flaccid paralysis, myolysis, renal damage and/or failure, haemolysis and
cardiotoxicity [10]. Venoms from a given species can cause one or more of these clinical
problems and for envenomings by any given species the clinical manifestations can vary;
for example common (eastern) brown snake envenomings always cause VICC but only
occasionally result in paralysis [11-13].

Various components from Australian elapid venoms have been characterised and have been
classified by function (i.e. clinical outcome; hematoxic, cardiotoxic, neurotoxic and/or
myotoxic) or by their biochemical activity (lipases, peptidic neurotoxins and prothrombin
activating enzymes). Many venoms contain prothrombin-activating enzymes and the vast
majority contain phospholipase A2 enzymes. All Australian elapid venoms are thought to
contain peptidic neurotoxins [14], but not all are clinically relevant to humans. Australian
elapids, for the purpose of this thesis, are divided into two classes based on the presence or
absence of procoagulant venom toxins [14, 15] (see reference summary in Table 1.1).
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The incidence of snake bites in Australia is thought to be decreasing [1, 16] and has
probably resulted from changes in farming practices, increasing urban development, the
introduction of cane toads and the increasing use of fertilizers and pesticides [17, 18].
There are still an estimated 1,000 to 3,000 reported snakebites, leading to 100 to 200
envenomings (most bites do not lead to envenoming) and 1 to 5 deaths per year [1, 2].
Although envenoming of humans is rare, snakebite remains a condition of clinical
importance in emergency and rural medicine practice due to their potential morbidity and
mortality. In addition, there are approximately 6,000 snakebites per year in domestic
animals with a higher mortality rate than for humans [3]. There are a number of important
factors for the higher mortality rate seen in domestic animals. Firstly, animals are unlikely
to present early for assessment with correct first aid in place, nor is a clear history of the
envenoming usually known. Similarly, the given body weight difference between humans
and domestic animals is likely to contribute to the higher mortality rate.

1.3 Clinical Pathology of Australian Elapid Envenoming
As described above, individual snake species may possess venom components that fit a
number of biochemical classifications and the actions of these toxins can result in
neurotoxic (pre-synaptic and post-synaptic), haemotoxic (red-cell destruction and
coagulation disturbance), cardiovascular, myotoxic and secondary nephrotoxic effects. A
summary of clinical syndromes from the major Australian elapid snakes is presented in
Table 1.1. A number of factors which may influence the severity of the envenoming
including: (a) venom composition, (b) amount of venom injected into the victim [19, 20],
(c) mode and time course of venom absorption [21], (d) patient susceptibility to various
venom components and (e) clinical interventions [22].
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Several published case studies [23-27] have failed to focus on the identification of the
snakes involved as a critical factor for effective treatment [28]. Others have described cases
of severe envenoming from some species/genera [29-35]. These provide useful descriptions
of clinical syndromes but because of the limited number of cases they do not define the full
spectrum of envenoming. More recent studies undertaken in the Northern Territory [12, 36]
and Queensland [37, 38] have recruited larger numbers of cases which have broadened the
current understanding in defining and treating Australian envenomings. Clarification of the
specific clinical envenoming syndromes of individual snake species may help to guide the
choice of antivenom types, doses and dose intervals. To achieve this, the ability to
differentiate closely related species is a crucial step. It has been noted that the clinical
features of envenoming by some species have not been well characterised [39], with
envenoming syndromes from the less common species still to be elucidated.

The Australian Snakebite Project (ASP) is a prospective study of snakebite that now
involves more than 100 hospitals around Australia and has recruited approximately 500
suspected snakebite patients over the last 10 to 15 years. The project has a number of aims
encompassing the pathology, natural history and treatment of elapid snake envenoming in
humans. Professor Bart Currie at the Royal Darwin Hospital initiated the study which was
then continued and expanded by Dr Geoffrey Isbister. Over the past 5 years, ASP has
expanded Australia-wide with major collaborators including the Menzies School of Health
Research, Calvary Mater Newcastle, the University of Western Australia, and the Western
Australian Institute for Medical Research.
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Poison information centres and clinical

toxicologists throughout Australia have been involved in the recruitment of more than half
the major snake bites and envenoming cases throughout the country [40]. The ASP
investigators have developed laboratory assays to measure the quantity of crude venom and
antivenom/venom complexes in the blood of eastern brown snakebite victims and
compared venom levels in patient blood before and after various treatment, such as the
administration of antivenom [41].
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Table 1.1 Clinical effects of envenoming by Australian elapid snakes. (adapted from Isbister, 2006 [28])

Snake Species
Early
Collapse

Local
Effects

Nonspecific
Systemic
Effects

Procoagulant

Anticoagulant

Reference*

Neurotoxicity

Myotoxicity

Renal
failure
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Scientific
Name
Pseudonaja sp.

Common
Name
Brown

++

+/-

+/-

+++

-

[42-46]

+/-

-

+

Notechis sp.

Tiger

+

++

++

+++

-

[47-49]

++

++

+/-

Austrelaps sp.

Copperhead

+

++

++

-

++

[13]

++

++

+/-

Tropidechis carinatus

Rough scaled

+

++

++

+++

-

[47, 50-53]

++

++

+/-

Hoplocephalus stephensii

Stephens‟ banded

-

+/-

+/-

++

-

[15, 54, 55]

-

-

-

Pseudechis sp.

Black

P.australis/P.colletti

Mulga/ Collett‟s

-

+++

+++

-

++

[13]

-

+++

+

P. porphyriacus

Red-bellied black

-

+++

++

+/-

-

[47]

-

+

-

Oxyuranus sp.

Taipan

+

+

++

+++

-

[47, 56-58]

+++

+

+

Acanthophis sp.

Death Adder

-

+/-

+

-

+

[8, 59, 60]

+++

-

-

+++
++
+
+/*

Major feature of envenoming, almost always occurs
Common feature of envenoming
Reported but uncommon. Absence of this effect does not exclude this snake
Reported rarely
Not reported or unknown
Evidence of the presence of procoagulant or anticoagulant venom toxins
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1.4 Systemic Effects
As shown in Table 1.1, each Australian snake causes characteristic systemic effects
resulting in similar initial clinical presentations. In many suspected snakebites however,
little or no venom is injected, or the bite is a result of a non-venomous snake and only local
effects are seen. Only 20% of patients presenting with suspected snake bite develop clinical
envenoming and even for definite snakebite, envenoming develops in less than 50% [20].
With more significant envenoming, there can be both local and systemic effects ranging
from non-specific to more serious effects such as coagulopathy, neurotoxicity,
rhabdomyolysis and renal failure [28]. Sudden collapse with cardiac arrest has also been
reported [61, 62].

The severity and occurrence of major clinical effects seen in human and animal victims
appears to differ. As shown by Isbister et al., (2008), 90% of human tiger snake (group)
bite patients (receiving AV) display VICC, with few presenting with neurotoxic and
myotoxic effects [63]. This is likely a result of the administration of AV in a timely manner
and reflects the speed at which coagulopathy develops, as opposed the sometimes delayed
onset of neurotoxic and myotoxic clinical effects. In contrast, canine victims present more
often with paralysis though may also present with coagulopathic outcomes [64]. This may
be a reflection of differences in time since bite to discovery and treatment in the two groups
and that VICC may go unnoticed in animals. It is not uncommon for domestic animal
envenomings to be discovered hours, sometimes days after the bite or when symptoms are
observed, whereas envenomed humans almost always notice with first aid investigation and
treatment following shortly thereafter. Cats rarely have clinical signs of coagulopathy but

8

show severe paralysis and myotoxicity (Personal communication: Dr Katrin Swindells,
Murdoch University Emergency Veterinary Hospital). Notably, cats have been reported to
be about three times less sensitive (on a weight basis) to both brown and tiger snake
venoms than dogs [65].

There are very few published works on the clinical features of envenoming in cats and
dogs. Most show extended periods of time between likely time of bite to presentation (12 to
21 hours) [64, 66]. A further study of 125 dogs and 115 cats found the most common
presenting signs in cats were dilated pupils and absences of pupillary light reflex as well as
dyspnoea, hypothermia, hind leg ataxia and glycosuria being common features. In dogs,
vomiting, tachypnoea, hyperthermia and complete flaccid paralysis were often seen [67].

1.4.1 Coagulopathy
Most Australian elapid venoms contain prothrombin activator components which affect the
haemostasis system [68] by causing initial clotting of the blood (thrombus formation)
resulting in the consumption of the victim‟s major coagulation factors, [69, 70]. This leads
to a state where the blood cannot clot (coagulopathy). The selective depletion of clotting
factors seen after elapid envenoming is quite different to that seen in other coagulopathic
disorders such as disseminated intravascular coagulation (DIC) where many factors and
platelets are involved, often after a septic event. DIC is an ongoing, escalating disorder that
can lead to organ failure and death. The term venom induced consumption coagulopathy
(VICC), which emphasises this generally accepted distinction from DIC, was coined by
Isbister in 2006 [71]. VICC has a defined onset and focuses on just one or two target
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coagulation factors. The stimulus of VICC disappears as the venom is consumed; either
inactivated by antivenom or by another poorly defined process. It has been hypothesised
that this initial thrombotic state leads to the collapse and early cardiac arrest sometimes
seen following brown snake envenoming, [20, 72] however a direct cardiovascular toxic
effect of brown snake venom may also be responsible. Although spontaneous bleeding is
rare in envenomed patients, unexpected massive haemorrhage may develop at any time;
intracranial bleeding in particular can occur after antivenom has been given and often
proves fatal [1, 18, 35, 73, 74].

Laboratory features of VICC include; very high D-dimers, which are fragments resulting
from the degradation of fibrin clots; undetectable fibrinogen as well as unrecordable
prothrombin and activated partial thromboplastin times (PT and APTT). VICC occurs after
envenoming by tiger snakes; Notechis scutatus (Peters), Notechis ater (Krefft) and Notechis
ater niger (Warrell), brown snakes; Pseudonaja textilis, Pseudonaja affinis and Pseudonaja
nuchalis

(Günther),

taipans;

Oxyuranus

Scutellatus

(Peters)

and

Oxyuranus

microlepiditous, rough-scaled snakes; Tropidechis carinatus (Krefft), and broad-headed,
pale-headed and Stephens‟ banded snakes (Hoplocephalus sp.)

(Kefft). Other snake

venoms including those from some black snakes; Pseudechis australis (Gray) and
P.colletti, copperheads; Austrelaps superbus (Günther) and Death adders; Acanthophis sp.
[20] have been shown to have a mild anticoagulant effects in vitro that, if present, appear to
be rapidly reversed with antivenom. These venoms do not consume clotting factors
therefore fibrinogen and D-dimer levels will be normal [28].
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The time from bite to the resultant coagulopathy (complete defibrination) is variable,
ranging from 15 minutes to 6 to 12 hours [75]. Resolution of VICC, even with antivenom
treatment, can take many hours to days with a median time of 14.4 hours [71, 76].
Numerous factors are thought to influence recovery such as individual capacity for
resynthesis of clotting factors and intervention by antivenom and factor replacement
therapy [70, 77-79]. Differential absorption of venom may also have an effect on recovery
time as venom toxins move through both the circulatory and lymphatic systems, where
absorption into the latter system occurs more slowly [16].

To date, studies of VICC by the ASP investigators have measured the amount of venom in
the circulation prior to antivenom for brown snake envenoming [79] and tiger snake
envenoming (unpublished data). ASP data collection is ongoing and will eventually
encompass a large series of patients to enable us to test whether the severity of VICC is
related to the amount of whole venom detected in blood; however, the amount of
procoagulant venom fraction in patient blood samples has not been quantified. Such
information would be helpful in determining: (i) whether some differences in clinical
presentation might be related to differences in venom composition (i.e. amount of
procoagulant in the circulatory compartment) and (ii) whether the procoagulant has been
rapidly cleared from the circulatory compartment, perhaps to a larger extent than other
venom fractions. This is a complex area of study given the dynamic (time dependant)
nature of envenoming; however being able to quantify the amount of procoagulant (not just
whole venom) is a necessary first step.
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1.4.2 Neurotoxicity
Pre and post- synaptic neurotoxins from the venoms of Australian elapids result in
progressive descending flaccid paralysis by targeting the neuromuscular junction (NMJ) in
envenomed patients [78]. Ptosis, or drooping of the eyelids is usually the first sign of
neurotoxicity followed by facial and bulbar paralysis, progressing in severe cases to
paralysis of the respiratory muscles and potentially death.

Presynaptic neurotoxins: These components disrupt neurotransmitter release from the
terminal axon by inhibiting neurotransmitter release and damaging the terminal axons. This
can take days to resolve. Antivenom can bind and neutralise free circulating toxins but
cannot repair already damaged axons resulting from toxins already bound to and entering
axons. Onset of symptoms may be delayed, and is unlikely to occur within 1 to 2 hours of
envenoming as the toxin must first reach the NMJ before causing its effects. Neurotoxins of
this type characterised from Australian elapids include Notexin (tiger snake), Taipoxin
(taipan) [80] and Textilotoxin (eastern brown snake).

Postsynaptic neurotoxins: The more common post-synaptic neurotoxins are faster acting
but less potent than pre-synaptic neurotoxins. They bind to acetylcholine receptor proteins
on the muscle end plate and block the signal release of acetylcholine. These short (60 to 62
amino acids) or long (70 to 74 amino acids) neurotoxins remain exposed on the surface of
the end plate and may be competitively removed by antivenom to reverse neurotoxic
effects.
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The neurotoxicity of Australian snake venoms has been extensively studied and
components well characterised [9, 60, 81-89]. The mechanisms of action are still somewhat
unclear and further studies would be useful in elucidating mechanisms of reversal of
neurotoxic effects and delayed onset of symptoms. In addition, correlations have never
been made to levels of neurotoxin in envenomed patients and severity of neurotoxic effects.

1.4.3 Myotoxicity and Renal Failure
Several Australian snakes have been shown to have venoms containing myotoxic
components, including tiger (Notechis sp.), mulga (Pseudechis australis), rough-scaled
snakes (Tropidechis carinatus), taipans (Oxyuranus sp.) and death adders (Acanthophis
sp.). These toxins bind to muscle fibres causing progressive destruction of the muscle cells
(rhabdomyolysis). Muscle cell destruction results in breakdown products, particularly
creatinine which is detectable in patient serum and urine. As with neurotoxicity, onset of
myotoxicity can be delayed, taking hours to become evident. Clinical symptoms include
muscle weakness, tenderness and pain on movement. Myoglobinuria can result with
potential secondary renal failure and hyperkalemia in severe cases [90]. Renal damage may
also occur secondary to coagulopathy or hypotension but is not the focus of this thesis.

1.5 Diagnosis of Australian Elapid envenoming
A key factor for the effective management of snakebite is the identification of the snake
involved. On occasions, the snake is brought in with the patient, in which case it is
recommended that a professional museum herpetologist identify the snake; someone not
always on hand. Although some Australian species have characteristic features, identifying
13

the snake responsible based on the colour or banding is highly inaccurate by most untrained
people [20]. Identification based on clinical features can also become confusing for a
clinician inexperienced in the treatment of snakebite and in clinical toxinology in general
[91].

To further confuse the situation for clinicians; paralysis may be associated with VICC and
possibly caused by a tiger snake, brown snake, taipan, rough-scaled, pale-headed and
broad-headed snake. The simultaneous observation of rhabdomyolysis by rapidly rising
creatine kinase serum levels, however implies that a bite by a brown snake is unlikely.
Clinical cases showing paralysis, more commonly seen in dogs and cats than in humans,
coupled with mild anticoagulation (not always seen) may result from the bite of a Black
Snake or a red-bellied Black Snake. Death adder envenoming typically presents with a slow
onset (4 to 6 hours) paralysis without any coagulopathy. Errors in identification and using
clinical features to determine snake type can result in the administration of the incorrect
monovalent antivenom. More recently, White, (2006), published guidelines for determining
the snake involved based on local and systemic clinical observations which have proved to
be an important diagnostic tool [92]. The laboratory features of coagulopathic envenomings
are summarised in Table 1.2.
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Table 1.2 Laboratory tests available to clinicians when investigating coagulopathic envenoming.
Laboratory test

Biological basis for test

Format

Normal range*

Changes in
envenoming**

International

A prothrombin time (PT) test is a blood test measuring how long it

The specimen should be a 3.8% trisodium

Normal person

Any prolongation in

normalisation ratio/

takes for a blood clot to form in a blood sample.

citrate anticoagulant at 9:1 ratio with the

INR=0.9 to 1.2

conjunction with

Prothrombin time:
INR/PT

blood, centrifuged to produce platelet

elevated/positive D-

The INR is a method of expressing the results of a prothrombin time

poor plasma. Complete thromboplastin

Patients on

dimers is diagnostic

(PT) test, based on an international standard that corrects for

(typically from rabbit brain) is added with

anticoagulants

of VICC.

(Generally used to

variations between labs and aids in the comparison of patient PT to

calcium. The time to fibrin strand

advised to maintain

monitor patients on

a pooled normal PT. The resulting measurement is often referred to

formation is then measured automatically

between 2.0 to 3.5

anti-coagulant

as the INR/PT.

by:

Associated with
deficiencies of factor

treatment)

I, II, V, VII, VIII or
INR/PT takes only a few minutes and is relatively inexpensive.

1. Photo-optical device.

X.
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2. Electromechanical device

Activated partial

To activate the coagulation cascade, phospholipid, an activator (such

thromboplastin time:

as silica and ellagic acid), and calcium (to reverse the anticoagulant

APTT

effect of the citrate) are mixed into the plasma sample.

Blood is collected in citrate which and
tested by medical technologist in an
automated instrument.

The time is measured until clot formation. The test is termed
"partial" due to the absence of tissue factor from the reaction
mixture.
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Normally 25 to 35

Prolonged = A

seconds

decrease to less than
30% activity of all the
coagulation factors

Whole blood clotting
time: WBCT

It is used for monitoring heparin therapy and as a bedside screening
test for deficiencies in the intrinsic coagulation pathway.

A clot should occur

>20min is grossly

5ml of blood is placed in a glass

in 5 to 15 minutes.

abnormal indicative

container, kept at body temperature and

The clot should

of severe deficiency

observed. NOTE – glass vials are difficult

retract in 30 to 60

of one of the

to obtain so this test has fallen into

minutes

coagulation proteins

disuse. Plastic blood tubes are not

Weak friable clot =

suitable.

hypofibrinogenaemia
Early dissolution =
enhanced fibrinolysis

Fibrinogen

FDPs are produced by the degradation of fibrin clots that were

A positive D-dimer

degradation products

initially generated by venoms and venom proteins This test detects

1. ELISA

(FDPs) and D-Dimer

products formed via fibrinogenolysis and/or fibrinolysis. Commonly

2. Latex turbidimetric assay (automated
immunoassay)
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elevated in normal individuals and in a range of pathological

Fibrinogen levels

test supports the
diagnosis of VICC if
combined with an

conditions. Negative tests are reassuring but a positive test on its

3. Enhanced microlatex

abnormal INR and in

own is never diagnostic.

4. Latex-enhanced photometric

the right setting (i.e.

5. Whole Blood Agglutination

suspected snakebite).

Many machines only report fibrinogen levels > 0.65 g/L, too high to

The Claus method gives real fibrinogen

Undetectable in

be useful in snakebite cases where very low levels are typical

titres, while the indirect method

severe coagulopathy

observed. A small increase (e.g. 0.1-0.3 g/L) can be a good indicator

employed in some coagulation machines

of recovery and associated with normalisation or near-normalisation

will not be as helpful as it merely mirrors

of clotting parameters. A small fall in the PT and APTT is a better

the PT result.

guide.

* Information gathered from local pathology laboratory, Royal Perth Hospital, ** [71]
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1.5.1 Snake venom detection kit (VDK)
Given the similarities in appearance, colouration, behaviour [93] and clinical effects of
major Australian venomous snakes, a rapid bedside diagnostic method for determining
appropriate antivenom treatment has been an important diagnostic tool. Many different
techniques have been investigated [94-98] until Theakston et al., (1977) [99] developed
micro-ELISA which was later modified by colleagues at CSL Ltd. The resultant
commercially available snake venom detection kit (VDK), made by CSL Ltd. is a
qualitative in vitro immunoassay for the identification of snake venoms from the five major
Australian snake groups, namely brown, tiger, black/mulga snakes as well as the taipan and
death adder.

In suspected snakebite cases, the only biological samples that can be reliably detected by
VDK are swabs from the bite site. The VDK has not been validated for use with serum
where venom levels are often too low for the assay to be useful but it is often used on urine
samples, as venom/venom components are excreted by the kidneys and concentrated in
urine. However, urine testing can be unreliable probably because in many cases most of the
urine tested has been produced prior to systemic envenoming and stored in the bladder. Bite
site swab VDK is therefore the preferred initial method. If this is negative despite systemic
envenoming the bladder should be first emptied and then urine produced by the kidneys
after the onset of systemic envenoming is tested by VDK.

The VDK is a rapid, freeze-dried sandwich immunoassay using rabbit antibodies capable of
detecting venom at concentrations of 10ng/ml. The test aims to differentiate snake

17

immunotypes and enable matching of the appropriate monovalent antivenom. Results from
the VDK can be obtained within 25 minutes though have been shown at times to be
ambiguous due to the inherent cross-reactivity [90, 100], high false positive rate due to nonspecific binding and the “hook effect” where high concentrations of venom can give a
negative result [101, 102]. As outlined in the CSL Antivenom Handbook, (2001) [90], a
degree of cross-reactivity can allow for the detection of venoms not directly targeted by the
VDK but from related species. However, high cross reactivity may lead to the inappropriate
selection of antivenom with possibly fatal consequences [1].

Steuten et al., (2007) [101], described the molecular basis behind the cross reactivity
finding the responsible components to be the three finger toxins (3FTx), phospholipases
(PLA2) and prothrombin activating (PA) enzymes, with an interesting reactivity pattern
seen for the Notechis species, the exact cause still to be elucidated.

1.5.2 Management
Sutherland et al., (1978) [103], published first aid methods for the treatment of snakebite. It
has been widely accepted that the systemic spread of venom is dependent on its method of
absorption which is either through the lymphatic system or the small blood vessels of the
venous-capillary system. The lymphatic system plays a crucial role in the absorption or
transport of toxins from the periphery to the circulation [103]. The aims of these first aid
measures are to delay venom transport via the lymphatic system; lymphatic vessels are
compressed along with reducing the proximal movement of lymph in the vessel, along with
splinting to minimise muscle movement. This is known as “pressure bandage with
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immobilisation” (PBI, or PIB, pressure immobilisation with bandaging) which if applied
correctly, is thought to prevent venom movement into the circulation until removed.

1.5.3 Antivenom: Efficacy, Dosing and Specificity
CSL Ltd produces six equine F(ab‟)2 monovalent antivenoms against the venoms of the
major Australian snakes including Tiger Snake, Brown Snake, Taipan, Black Snake and
Death Adder as well as a polyvalent antivenom containing equivalent amounts of all these.
A summary of current antivenom treatments and which snakes should be treated with each
is summarised in Table 1.3.

Herpetological identification of the snake is rarely available within the time frame required
for selection of monovalent antivenom, therefore once a clinical decision has been made
that antivenom is required, monovalent antivenoms are generally chosen according to the
result of a VDK test [90]. Geographical location can also be used as a guide since the
distribution of species is reasonably defined. For example, in Tasmania where the only
clinically relevant venomous snakes are tiger snakes and copperhead snakes, Tiger Snake
Antivenom (TSAV) is the only monovalent antivenom required. TSAV is currently used to
neutralise copperhead venom. In Victoria however two monovalent antivenoms (Tiger and
Brown Snake), may be given empirically. A similar situation exists in south-eastern
Western Australia for cases of VICC where brown and tiger AV may be given; the third
species found in that area, the Death Adder, causes paralysis without coagulopathy and
therefore can be distinguished clinically. Monovalent AVs are selected and stored based on
known local species; where more than three monovalent preparations are required,

19

polyvalent AV is generally used. Polyvalent antivenom is more expensive than monovalent
preparations and as its equine protein content is significantly higher there is a greater risk to
the patient of serum sickness.

20

Table 1.3 Major types of Australian venomous snakes: antivenom and dosage in humans

Antivenom

Scientific name

Common Name

Recommended dose (vials of CSL AV)
Sutherland, 2002 *

Brown Snake
1 Vial =
1000U/4.5 to 9ml

Tiger Snake
1 Vial =
3000U/9 to 12ml
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Death Adder
1 Vial =
6000U/25 to 26ml
Black Snake
18,000U/30 to
50ml
Taipan
12,000U/43 to
50ml

Pseudonaja textilis
Pseudonaja affinis
Pseudonaja nuchalis
Pseudonaja inframacula
Pseudonaja guttata
Pseudonaja ingrami
Notechis scutatus
Notechis ater
Notechis occidentalis
Notechis ater serventyi
Austrelaps superbus
Austrelaps ramsayi
Austrelaps labialis
Tropidechis carinatus
Hoplocephalus bungaroides
Hoplocephalus bitorquatus
Hoplocephalus stephensii
Acanthophis sp.

Common brown snake
Dugite
Western brown snake, Gwarder
Peninsula brown snake
Speckled brown snake
Ingram‟s brown snake
Mainland tiger snake
Tasmanian tiger snake/ Black tiger
snake
Western tiger snake
Chappell island tiger snake
Lowland copperhead
Highland copperhead
Pygmy copperhead
Rough-scaled snake
Broad-headed snake
Pale-headed snake
Stephen‟s banded snake
Death adders (Common, Desert and
Northern)

Pseudechis australis
Pseudechis porphyriacus

Mulga (King Brown) snake
Red-bellied black snake

Oxyuranus scutellatus
Oxyuranus microlepidotus

Common taipan
Inland taipan

4 to 6
4 to 6
4 to 6
1
2

1
1

1
1 or 1 Tiger A/V

-
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Minor: 1 to 2
Moderate: 2 to 4
Major: 3 to 6+

Minor: 2 to 3
Moderate: 2 to 4+

4
1 to 2

1

*when snake is identified ** depending on severity [20, 90]

White, 2001

1 to 3+

1 to 3 **

1 to 3 **
Minor: 1 to 2
Moderate-major:2 to 6+**

There is significant controversy surrounding antivenom use in Australia, particularly in
regard to the dose required for available monovalent antivenoms, the specific indications
for initial dose and subsequent doses as well as the frequency and severity of immediatetype and delayed hypersensitivity reactions [28]. If the patient is severely envenomed,
antivenom is used. If envenoming is mild, spontaneous recovery can occur without
antivenom. If there is no sign of envenoming, antivenom should not be administered [90].
Administration of the incorrect antivenom may place a patient‟s life at risk since antivenom
raised against the venom of one species may not be reactive to another. It has been reported
that improper use of antivenom may delay patient recovery and may lead to serious adverse
reactions [63]. Some Australian AVs are used to neutralise venoms of other closely related
species, for example, currently, TSAV is used to neutralise the venoms of several snake
species (Table 1.3).

Fifty-nine snake bite patients recruited to ASP between 2002 and 2007 were administered
tiger snake antivenom; 43 patients displayed VICC, 12 showed non-specific systemic
effects and 2 suffered myotoxic venom effects [63]. Although this AV has been shown to
reverse the in vitro neuromuscular effects of H.stephensii (Hsv) and Notechis sp. (Nv)
venoms [9]; in vivo, a high rate of immediate systemic hypersensitivity reactions has been
noted [104, 105]. Hypersensitivity reactions result in erythema, urticaria and hypotension in
severe cases and immediate-type allergic reactions to tiger-snake antivenom were found to
be common (41%) in an Australian study of 59 patients receiving TSAV [104]. It is not
known why TSAV is associated with a high reaction rate. Adverse effects of antivenom
therapy such as hypersensitivity reactions, anaphylaxis and serum sickness have also been
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extensively described [18, 63, 91, 104-106], leading to some authors suggesting
premedication of adrenaline and a subsequent course of corticosteroid treatment in selected
cases.

In respect to dosing and timing of antivenom treatment, opposing views are evident in the
literature. Although numerous case series define „severe‟ envenoming, most fail to define
appropriate treatment strategies for the broad spectrum of snake envenoming [28]. The
amount of antivenom recommended [20, 77, 107] has been empirically determined for the
various snakes for many years and is a required measurement in antivenom production
quality control. The efficacy of antivenom to neutralise snake venoms was first investigated
in a dog model [69]. In this study, it was observed that 25 times the current recommended
dose of antivenom was required to prevent severe cardiovascular depression and
coagulopathy caused by P.textilis venom (Ptv). In addition, 10 times the recommended
dose was found to be required to prevent similar effects caused by P.affinis venom. These
observations were confirmed when the neutralisation dose in vitro was found to be 20 times
the recommended dose [108]. However, as described below the relevance of these studies
has been disputed on the basis of recent in vitro work at venom concentrations
corresponding with those observed in human cases [79].

For cases where the snake is identified, recommended dosages are outlined in Table 1.3,
however, additional units may be required in the course of management as adsorption of
venom may be delayed. One ampoule of each of the CSL antivenoms was developed to
neutralise toxins from the „average‟ bite based on in vitro methods (rather than in vivo

23

clinical conditions), with 1 unit capable of neutralizing 10g of venom [44]. The average
bite here is based on the milking of venoms from different snake groups [109]. Later
studies suggested that larger antivenom doses might be required as there is greater variation
in venom yields than previously thought [44], however, human studies in real patients
counter this by showing that bites deliver different (far lower) amounts of venom to the
circulation than is milked from snake in an artificial environment [41, 79]. On balance
therefore, current practice in Australasia is tending back towards doses of antivenom
originally recommended by CSL (S. Brown, Personal Communication).

It has been suggested that the prothrombin activator in Ptv may not be completely
neutralised by the brown snake antivenom (BSAV) [44]. A further study by Judge et al.,
(2006) [110], suggested that BSAV may not recognise low molecular weight (LMW)
components of the venom of the Pseudonaja sp.

In domestic animals, a study of 41 envenomed cats in Victoria, 7 of which were confirmed
tiger snakebites, showed a recovery rate of 89% when 3,000 units of TSAV was given
along with fluid therapy and supportive care [66]. A later study of over 200 envenomed
dogs and cats showed an overall recovery rate of 83% and 90% respectively after the
administration of AV. Death resulted from anaphylaxis as a result of AV treatment in 3 cats
and one dog. Dogs treated soon after being bitten recovered more rapidly and no
correlations between bite-to-treatment and treatment-to-recovery periods were seen for cats
[67].
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Isbister, (2006) [28], summarised the potential benefits of antivenom, outlined in Table 1.4.
From clinical observations, the author outlined the benefits of antivenom in a clinical
setting. He described the reversibility of certain venom components such as post-synaptic
neurotoxins, but damage caused by pre-synaptic neurotoxicity seen with taipan and tiger
snake bites is irreversible with AV merely preventing further progression of their clinical
effects. Procoagulant toxins are assumed to be neutralised by antivenom, with recovery of
normal coagulation taking between 6 to 12 hours, as a result of the need for the patient to
re-synthesise clotting factors.

Table 1.4 Potential benefits of antivenom (adapted from Isbister, 2006 [28])

Clinical effect

Potential benefit of antivenom

Procoagulant coagulopathy

Neutralises toxins and allows for re-synthesis of clotting factors with
recovery over 6 to12 hours.

Anticoagulant coagulopathy

Neutralises toxin inhibitor of coagulation showing immediate
improvement.

Presynaptic neurotoxicity

Neutralises toxin in intravascular compartment and prevents further
progression. Does not reverse toxin already bound to target.

Postsynaptic neurotoxicity

Neutralises toxin in intravascular compartment and reverses
neurotoxicity.

Rhabdomyolysis

Neutralises free myotoxins and prevents further muscle damage.
Does not reverse myotoxic effects.

Renal damage

Unlikely to have effect as this is usually secondary to other toxicmediated effects.

Local effects

Unlikely to reverse local effects that have already developed.

Generalised systemic effects
(nausea, vomiting, headache,
abdominal pain etc)

Rapidly reverses non-specific effects.
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Investigations in human patients have resulted in conflicting opinions regarding appropriate
doses [79, 111]. Isbister et al., (2007) [79], after the measurement of serial patient serum
(venom) levels and in vitro clotting studies indicated that two vials are sufficient “to bind
and neutralise all venom in patients with severe brown snake envenoming”. However,
Theakston, (1989) [112], pointed out the importance of not relying on direct extrapolation
from both in vitro and animal in vivo experiments as these don‟t always reflect the in vivo
efficiency of the antivenom. In addition, many of these studies involve the pre-mixing of
venom and antivenom prior to injection into animals which can be inaccurate when
correlating data with true clinical efficacy [22]. Currie, (2006) [22], also outlined the need
for further prospective studies assaying serial blood venom levels after defined antivenom
doses to aid in the definition of efficacious and optimal antivenom doses.

Due to the risk of adverse reactions to many worldwide AV treatments, other methods of
AV production have been described to improve their purity, neutralising potency and
safety. These include modifications in production regarding host animals, immunization
protocols, crude serum preparations and/or antibody purification and cleavage conditions
[113].

Pioneering studies have developed and compared novel AV preparations such as those from
chickens [114-116], sheep [106, 117, 118] and rabbits [119, 120] as well as antibody
fragments [106, 121-123] and assessed their ability to neutralise a variety of venoms and
their respective clinical effects. Sheep and rabbit IgG preparations have been shown to be
less allergenic than equine IgG. The basis of the differences in immuno-reactivity is still to
be investigated. Antivenom produced in rabbits however, may prove too labour intensive
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for large scale antivenom production. Ovine IgG Fab fragment snake antivenoms produced
by Therapeutic Antibodies Incorporated (Nashville, Tenn, now produced by BTG plc) have
been trialed in the United States [106] and are now commercially available. Avian yolk
immunoglobulin (IgY) based antivenoms have been described as less expensive, safer and
more robust than other animal antivenoms [124]. An Australian collaboration claims
success in trialling its IgY antivenom for veterinary use [125]. The safety and efficacy of
this remains to be determined, though it was later shown that the IgY failed to neutralise
low molecular weight neurotoxic components. Although it remains unclear whether Fab or
F(ab')2 type antivenoms are more efficacious [126], there is growing evidence suggesting
that F(ab‟)2 and whole IgG preparations are more suitable. The specificity and crossneutralisation between species of the CSL antivenoms is also an area requiring
investigation and will be discussed further.

1.5.4 Factor Replacement: Fresh Frozen Plasma (FFP)
A recent study looked at the effects of the procoagulant taipan venom on the coagulation
cascade and clotting factors [127]. A semi-mechanistic mathematical model was developed
to predict the time course of changes in the coagulation cascade in response to envenoming.
This study found that clotting factor consumption starts immediately after venom enters the
blood with factors being rapidly consumed. The time for factor levels to return to „normal‟
varied. For instance, factor V recovers to normal levels before fibrinogen. Antivenom is
considered to assist in the clearance of unbound procoagulant components from circulation
and therefore thought to play a role in preventing further factor depletion and thus
improving recovery time in VICC [70].
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As VICC is a consumptive process, it is expected that such coagulopathies will persist
until there has been sufficient time for re-synthesis of key clotting factors. The substantial
time taken for this to occur, although noted by others, had not been appreciated prior to
early findings from ASP [71] so it had been common for repeated doses of AV to be given
(up to 10 to 20 vials) [78, 111] upon failure of the coagulation parameters to return to
normal levels .

The role of fresh frozen plasma in the treatment of snake envenoming is controversial [91,
128]. FFP may reduce the risk of spontaneous bleeding; however, the addition of clotting
factors may also accelerate clotting factor consumption and actually increase the risk of
bleeding if free procoagulant toxins have not been fully neutralised by antivenom. Further
procoagulant effects are also possible. Sutherland and Tibballs, (2001) [107], reported a
patient given FFP prior to neutralisation of procoagulant venom toxins suffered from limb
gangrene which resulted in death. In addition, treatment of patients with unnecessary blood
products puts them at risk of immediate-type hypersensitivity reactions including
anaphylaxis, transfusion-related acute lung injury (TRALI), disease transmission and
perhaps other risks.

Ferguson et al., (2002) [129], however described that coagulopathic effects of tiger snake
envenoming were resolved following the treatment with FFP and cryoprecipitate and
concluded by advocating FFP as the appropriate treatment for tiger snake coagulopathy.
This paper described the administration of FFP in three tiger snakebite patients in Western
Australia who were not actively bleeding. In contrast, six Victorian cases of tiger snake bite
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described by Parkin et al., (2002) [130], none of which were treated with FFP, all showed
resolution of coagulopathy after antivenom treatment without any complications.

Jelinek et al., (2005) [128], studied the effects of adjunctive FFP administration on
coagulation parameters and survival in dogs treated with antivenom in brown snake
envenoming. This study looked at FFP administration after both adequate and inadequate
venom neutralisation with antivenom. After an intravenous venom dose (1g/kg) and
following the administration 30 minutes later of either adequate (1 Unit of AV per 0.5g of
venom – 20 times recommended dose) or inadequate (200U/ml diluted to 50ml) antivenom,
dogs were either administered two units of their own FFP or normal saline. With four
treatments groups, assessments of fibrinogen, APTT and platelet levels were then
monitored for eight hours. FFP administration was associated with persistent coagulopathy
regardless of antivenom dose. The authors concluded that FFP should not be given for the
treatment of procoagulant envenoming. Isbister, (2002), stated that “all clinical
toxinologists would now agree that it (FFP) should be reserved for patients with active
bleeding following complete reversal of all circulating venom with antivenom”. This is
currently recommended by the antivenom manufacturers [90] and has been re-emphasised
in the critical care literature [131].

1.6 Coagulation and snake venoms
Several

combined

activities,

namely

platelet

aggregation,

blood

coagulation,

vasoconstriction and clot dissolution all interplay to maintain a balance in haemostasis.
Venom proteins affecting the haemostatic system have been well documented and can be
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classified as acting on different coagulation factors and include (summarised in Table 1.5):
factor V (FV) activators [132], factor X (FX) activators [133-135], prothrombin activators
[136-139] and thrombin-like enzymes [140-142], with other components acting on
anticoagulant factors such as FIX/X binding proteins, thrombin inhibitors, phospholipase
A2, protein C activators as well as fibrinolysis [143, 144].

Table 1.5 Snake venom protein’s activity on the haemostatic system [68]

General Function

Specific biological activity

Procoagulant

factor V activating
factor X activating
factor IX activating
prothrombin activating
fibrinogen clotting

Anticoagulant

protein C activating
factor IX/factor X-binding

Fibrinolytic

fibrin(ogen) degradation
plasminogen activation

Vessel wall interactive

hemorrhagic

Platelet active

inducers of platelet aggregation
inhibitors of platelet aggregation

Plasma protein activators

SERPIN inhibitors

Under normal physiological conditions, the coagulation cascade (Figure 1.1) is initiated by
vascular injury resulting in vasoconstriction, the local release of procoagulant factors and
the adhesion, activation and aggregation of platelets to the vascular endothelial surface.
This is a complex process involving the interaction between platelet surface glycoproteins
(IIb/integrin IIIa) and subendothelial proteins such as collagen, fibronectin and von
Willebrand factor (vWF) [145]. Agonists such as thrombin and arachidonic acid enhance
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platelets/platelet interactions, which result in platelet glycoproteins forming a complex with
vWF and fibrinogen and ultimately the formation of a clot.

Activation by contact with
damaged vascular surface

Activation by tissue
damage or trauma
Tissue Factor
Ca2+

XII

XIIa
VII

XI

VIIa

XIa

IX

Ca2+
Phospholipids

IXa
Proteolysis by the
“tenase complex”
VIIIa

Ca2+
Phospholipids

X

Xa

X
Va
Ca2+
Phospholipids

Prothrombin (II)

Thrombin

Fibrinogen (I)

Fibrin

Stable fibrin = Clot formation

Figure 1.1: The Coagulation cascade. Highlighted (blue) area indicates the prothrombinase
complex, homologous to venom procoagulants.

Thrombin is generated by the prothrombinase complex, consisting of a serine proteinase
zymogen factor Xa (FXa) complexed to its large non-enzymatic cofactor Va (FVa).
Forming in the presence of Ca2+ ions on negatively charged phospholipid membranes (on
platelets) [146], the prothrombinase complex, more specifically FXa cleaves prothrombin
(factor II) to thrombin, an active serine protease. A mesh of cross-linked fibrin then forms
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by the activation of fibrinogen by thrombin, This results in the further activation of other
coagulation factors; V, VIII and XIII. The activation of thrombin is a critical reaction in the
coagulation cascade.

1.6.1 The Prothrombinase complex
Both factor X and factor V circulate in the blood as inactive precursors prior to their
activation by the coagulation cascade. The inactive zymogen FX is produced in the liver
and its synthesis requires vitamin K. FX consists of two chains, a light chain; 136 residues
with an N-terminal γ-carboxyglutamic acid domain (GLA domain), two epidermal growth
factor-like domains (EGF1 and EGF2) and a heavy chain; 306 residues consisting of an Nterminal activation peptide and a serine-proteinase domain [138]. Factor X can be activated
by both the FVIIa– tissue factor complex through the extrinsic coagulation pathway and by
the tenase complex (FVIII and FIX) of the intrinsic pathway [147]. When FX is activated to
FXa, an activation peptide is released, leaving the heavy and light chains covalently linked
[148].

Factor V (Mw = 330kDa) circulates as a single-chain pro-cofactor which contains six
domains, A1-A2-B-A3-C1-C2 [149]. Thrombin activates FV to FVa by cleaving out the B
domain. Other proteases also activate FV, but its cleavage is primarily carried out by
thrombin. Post cleavage, Factor Va contains a heavy (H) chain (Mw = 105kDa), consisting
of the A1 and A2 domains and a light (L) chain (Mw = 71/74kDa), consisting of the A3,
C1, and C2 domains. The H and L chains of FVa are linked by a divalent metal ion, such as
calcium [150].
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Assembly of the prothrombinase complex is initiated with the binding of FXa and FVa to
negatively charged phospholipids on plasma membranes of a variety of cells types
including monocytes, platelets, and endothelial cells [151]. Both Factors bind
independently of each other to mutually exclusive binding sites [152]. FXa and FVa
interact with the membrane via their light chains, with FXa binding via its Gla-domain in a
Ca2+dependent manner and FVa via its C2 and C1 domains [153, 154], summarised in
Figure 1.2. Once bound to the membrane, FXa and FVa associate in a 1:1 stoichiometric
ratio in a calcium dependent manner to form the prothrombinase complex [155]. The
complex, once formed, increases the catalytic efficiency of Factor Xa to convert
prothrombin to thrombin; with a 300,000-fold increased compared to its efficiency alone
[156].
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Figure 1.2 Prothrombinase complex assembly. Domains identified as follows: GLA: γcarboxyglutamic acid; EGF: Epidermal growth factor-like; SP: Serine Proteinase; A1-A2-A3-C1C2: FVa domain architecture.
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Several exogenous procoagulants from Australian elapid snake venoms have been shown to
activate prothrombin to thrombin. Recent studies have shown these proteins are both
structurally and functionally similar to mammalian blood coagulation factors, FXa and FVa
[45, 157]. Considering the major clinical effect of elapid envenoming is severe
coagulopathy (predominantly a result of venom FV and FXa-like proteins), this project will
focus on prothrombin activating enzymes from the venoms of P.textilis, O.scutellatus,
N.scutatus, N.ater niger, T.carinatus and H.stephensii.

1.6.2 Prothrombin Activators (PAs) from Australian elapid venoms
The majority of snake venom procoagulants are proteinases that specifically activate factor
II (or prothrombin) to form thrombin. PAs can be classified into four groups (Groups A-D)
governed by their structural and functional characteristics (Figure 1.3, Table 1.6), their
cofactor requirements as well as the products they form [138, 158]. Australian elapid
derived procoagulant components have been studied extensively [43, 57] and fall into the C
and D Groups. Group A and B PAs are metalloproteinases that convert prothrombin to the
intermediate product meizothrombin, whereas group C and D PAs are serine proteinases
converting prothrombin to thrombin and are found exclusively in Australian elapid venoms
[138]. Recent studies have shown that serine proteinase prothrombin activators share
structural and functional properties to mammalian coagulation factors [159, 160]. In
particular, the FXa-like domain of group C and D PAs share up to 60% homology with the
mammalian FXa protein [42].
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Table 1.6 Classification of snake venom prothrombin activators (adapted from Kini,
2005 [161]).
Group

Cofactor
requirements
None

Product

Examples (Species)

A

Type of
proteinase
Metalloproteinase

Meizothrombin

Ecarin (E.carinatus)

B

Metalloproteinase

Ca2+

Meizothrombin

Carinactivase, (E.carinatus)
Multactivase (E. multisquamatus)

C

Serine Proteinase

Ca2+ and negatively
charged
phospholipids

Thrombin

Pseutarin (P.textilis)
Oscutarin (O.scutellatus)

D

Serine Proteinase

Ca2+ , negatively
charged
phospholipids and
Factor Va

Thrombin

Notecarin (N.scutatus)
Trocarin (T.carinatus)
Hopsarin (H.stephensii)

Briefly, group A activators do not require protein cofactors for optimal activity [137, 138].
These are found in several viper venoms and have been shown to be resistant to natural
coagulation factors such as antithrombin [162]. The best characterised is Ecarin, isolated
from the venom of E.carinatus [51], a 426 amino acid protein consisting of three domains;
a metalloproteinase, disintegrin and a Cysteine-rich domain. Ecarin cleaves prothrombin at
Arg320 to produce meizothrombin which is then converted to α-thrombin by autolysis. It
shares 64% identity with the heavy chain of another prothrombin activator from the
Russell‟s viper, Duboia russelli (Shaw) [161]. Other group A PAs have been isolated from
Pit vipers (Bothrops sp.).

Group B activators such as carinactivase-1 (E.carinatus) and multactivase isolated from
E.multiquamatus venom [163]; similarly to Group A, comprise two non-covalently linked
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subunits; the metalloproteinase (62kDa) including disintegrin-like and cysteine rich
domains and an additional 25kDa C-type lectin-like dimer [161]. Unlike group A, these
activators require Ca2+, for optimal prothrombin activation.

Group C and D prothrombin activators are serine proteinases, and in contrast to Group B,
these PAs require Ca2+ and negatively charged phospholipids for maximal activity [161].
Group C activators are composed of a FXa-like molecule (Gla domain, two EGF-like
domains and a serine proteinase domain) as well as the larger non-enzymatic subunit, a
FVa-like molecule. The Gla domain is a Ca2+ dependent membrane binding domain [159]
and the EGF-like domains; also involved in Ca2+ binding are thought to mediate FVa
binding, though their precise functions are not well understood. These have been found to
be structurally similar to the protein components of the mammalian prothrombinase
complex [43, 57, 159, 160]. Group C PAs have been characterised from the venoms of
P.textilis [43, 45] and O.scutellatus [57, 58, 164].

These multi-subunit proteases have high molecular weights (>250kDa) with Pseutarin C
from P.textilis venom shown to compose approximately 20 to 40% of crude venom [43, 45,
165]. This proteinase shows powerful procoagulant activity in human plasma and its
amidolytic activity can be measured in vitro by its ability to hydrolyse the FXa-specific
chromogenic substrate S-2222 [45]. Its heavy and light chains are disulphide bonded with
the light chain composed of a Gla domain and two EGF-like, cysteine rich domains. The
heavy chain contains a serine proteinases domain, and within it, the activation peptide
segment. The non-catalytic domain (FVa-like) has been sequenced [52] and is composed of
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a A1-A2-B-A3-C1-C2 domain architecture [52]. Unlike mammalian FVa which is rendered
inactive by activated protein C, the FVa-like subunit from P.textilis is found complexed in
its active form with the FXa-like component. Rao et al. 2002, showed that the N-terminal
sequence of both the heavy and light chains of the FXa-like subunit of pseutarin C, shows
similarity to mammalian FXa (~48% homology) and also shares close homology with
Group D PAs (76% with Trocarin D from T.carinatus) [165].

Oscutarin, isolated from the common taipan (O.scutellatus) has been shown to have a MW
of 300kDa and is composed of 110kDa and 80kDa subunits and two disulphide linked
30kDa polypeptides. It readily cleaves the FXa-specific chromogenic substrate S-2337
similarly to pseutarin C. This protein was visualised by SDS-PAGE and found to migrate in
smaller subunits, with a band at approximately 57kDa displaying amidolytic activity with
the FVa-like molecule migrating on the gel at 220kDa.[57].

Group D activators, also serine proteinases are found in the Australian elapid venoms of
Notechis (tiger) sp., Tropidechis (rough-scaled) sp., Hoplocephalus sp. (Stephens‟ banded)
and Pseudechis porphyriacus (Red bellied black) and are composed of the FXa-like
component alone. Several group D PAs have been isolated and characterised to date [49,
139, 157, 166, 167]. Trocarin D, isolated from T.carinatus represents approximately 5% of
total venom protein (w/w), and together with Hopsarin D from H.stephensii show similar
functionality to mammalian FXa, cleaving the same two peptide bonds in prothrombin
[161] with 62 to 70% [157] and 49% [165] sequence homology respectively.
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Figure 1.3 Schematic representation of Group A-D snake venom prothrombin activators (adapted from Kini, 2005 [161]). Domains
identified as follows: MP: Metalloproteinase; DL: Disintegrin-like; CR: Cysteine rich; C: C-type lectin related; GLA: γ-carboxyglutamic
acid; EGF: Epidermal growth factors-like; SP.
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Notecarin D, trocarin D and hopsarin D have molecular weight ranges from 45 to
47kDa (mass spectrometry) or 52 to 58kDa (SDS-PAGE) and are each composed of two
chains; the light chain containing a Gla domain and two EGF-like domains, their heavy
chains comprising the serine proteinases component, comparable to the FXa-like
domains of Group C PAs and mammalian FXa. The two chains are combined by a
single interchain disulphide bond. In contrast to mammalian FXa, these are
glycoproteins with both O- and N- glycosylation sites [157].

St.Pierre et al., (2005) [165], confirmed these previous studies by detailing the cloning
and characterisation of FXa-like and FVa-like components of Group C and D
prothrombin activators. Group C proteases were found to cluster with a high degree of
homology (91%) and differed from Group D proteases with subtle variations in
cleavage recognition sites between the pro-peptide and light chain as well as other
changes within the heavy chain of FXa-like molecules. The investigators found that
based on the observed molecular weights of the FXa-like heavy chain, it was possible to
distinguish the two groups using immunoblot techniques; with Group C FXa-like
molecules showing a greater molecular mass (~60kDa) than their Group D counterparts
(~45kDa) under both reducing and non-reducing conditions (Figure 1.4). This study
also confirmed that functional differences between these elapid PAs is attributable to the
absence of the FVa-like non-enzymatic subunit in Group D PAs. Overall, this research
offered a new means of classifying these PAs based on DNA sequence analysis, the
presence or absence of FVa-like subunits and the molecular size of the FXa-like
molecule.
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Figure 1.4 Detection of components of the PA complex in Australian elapid venoms [165].
Immunoblots where 10ug of venom was resolved on a 12% SDS-PAGE as (1) O.Scutellatus; (2)
O.microlepidotus; (3) P.textilis; (4) N.scutatus; (5)T.carinatus; (6) H.stephensii; (7)
P.porphyriacus; (8) P.australis and (9) purified FXa-like subunit from P.textilis, transferred to
Nitrocellulose and detected with a anti-heavy chain FX protease antibody run (A) under nonreducing conditions and (B) under reducing conditions.

In addition, St. Pierre‟s study [165] also assessed the overall domain arrangement and
deduced protein sequences of Group C and D PAs. They were compared and
demonstrated „remarkable‟ homology; the FX-like protease precursors displayed 80 to
97% relatedness to one another. The FV-like components found in Group C complexes
show a similar high degree of homology (96 to 98%). After expression of venom gland
genes, proteins were produced and PA subunits detected by immunoblotting using
antibodies raised against purified P.textilis PA components. Alignment of FX-like
proteases from six Australia elapids can be seen in Figure 1.5, and Table 1.7 indicates
the homology between FX-like cDNA sequences derived from various snake venom
glands to their human homolog.
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Group C and D prothrombin activators are potent procoagulants and when injected into
their victim or prey result in VICC in both human and animal patients. When introduced
intravenously 8ug of the purified PA, Pseutarin C kills rats uniformly within one minute
[168]. The functional activity of venom prothrombin activators has also been assessed
by their ability to coagulate citrated plasma, their reactivity with prothrombin as well as
their ability to hydrolyse chromogenic substrates [42, 43, 47].

41

Table 1.7 Comparison of Factor X-like proteases from Australian elapids to their human homolog FX. (adapted from [165])

Protease (species)
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Oscutarin C
(O.scutellatus)
(%)

Omicarin C
(O.microlepidotus)
(%)

Pseutarin C
(P.textilis)
(%)

Hopsarin D
(H.stephensii)
(%)

Trocarin D
(T.carinatus)
(%)

Notecarin D
(N.scutatus)
(%)

Factor X
(Homo sapiens)
Notecarin D

48.8

47.9

47.9

46.7

47.5

47.6

80.3

81.0

79.9

94.7

95.0

Trocarin D

82.7

83.1

81.4

96.9

Hopsarin D

81.2

83.1

79.9

Pseutarin C

92.1

93.4

Omicarin C

95.1
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Figure 1.5 Alignment of Factor X-like proteases from Australian elapids [165]. Alignment
performed on deduced amino acid sequences obtained from multiple cDNA clones of FX-like
proteases isolated from venom glands of seven Australian snakes, including; O.scutallatus
(AY940204),

O.microlepidotus

(AY940205),

P.textilis

(AY631238),

P.porphyriacus

(AY940207), H.stephensii (AY940208), N.sctutatus (AY940206) and T.carinatus (AY769963).
GenBank Accession numbers in parentheses. Sequence identity in black, gaps included for
optimal alignment, cleavage sites on propeptide indicated as well as light and heavy chain
sequences and activation peptide site.
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1.7 Detection of snake venoms
Numerous methodologies have been employed for the detection of snake venoms since
Coulter and Sutherland, (1974) [96], first showed their value in the diagnosis of
envenoming.

Immunoassay

techniques

previously

employed

include:

radio

immunoassay (RIA), enzyme-linked immunosorbent assay (ELISA), agglutination
assay and fluorescent immunoassay. ELISA technology has been described and shown
to be the most versatile immunoassay applied to the field of venom research [169].
Theakston and others have developed and improved snake venom ELISAs over the past
30 years in respect to specificity, sensitivity and simplicity [170]. Similar to those
developed by Theakston et al., (1977) [99], various ELISAs have now been described
for snake and other venomous animal worldwide [169, 171-175]. Few, however, have
enabled the quantification of venom concentrations in blood of envenomed patients,
particularly for the Australian Tiger snake group. More recently, alternate techniques
have been adopted to attempt to differentiate and quantify venom levels in patients.
These techniques, such as the use of bead-based immunofluorescence [176] and mass
spectrometry are still in their infancy. The development and use of immunoassays in
venom research has been thoroughly reviewed [169, 170, 177].

ELISAs hold several advantages over the other techniques mentioned including their
relatively high levels of sensitivity, specificity; the ability to accurately differentiate
between venoms of closely related snake species, reproducibility and ability to test
various biological matrices. They have also been easily modified into kit form and have
been well documented to give accurate retrospective diagnosis of snake bite [172].
Furthermore, ELISAs for detection of snake venom had been described as useful “in
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retrospective diagnosis for facilitating the compilation of distinctive clinical patterns in
poisoning caused by different species of snake” [178].

Numerous studies have described the detection of Australian elapid venom from
envenomed patient samples [41, 179], none described for certain Australian species
(Death adder, Taipan, Tiger snake group and Black snakes) or the detection of specific
venom components. Analysis of venom in bodily fluids is aimed at improving the
treatment of serious snake bite envenoming, developing a better understanding of the
kinetics of snake bite toxins in man (and animals) as well as assessing the potency and
efficacy of new and current antivenoms.

1.7.1 Detection of venom antigens in experimental and clinical
envenoming
Coulter et al., (1974) [96], developed a solid phase RIA using
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I-labelled whole

venom for detection of N.scutatus and P.textilis venoms. This highly reproducible assay
was capable of detecting 15ng/ml of venom in circulation 10 minutes after
subcutaneous lethal doses of Ns venom in experimental animals. However, a major
drawback of such competitive RIAs is the inconsistency and variability of iodination of
various venom components as iodination can alter antigenic sites of certain venom
constituents therefore competing unsatisfactorily with the native venom in the assay
[96]. The need to handle radioisotopes is another drawback of this technique.
Sutherland et al., (1975) [98], later used an EIA to detect significant amounts of
N.scutatus and P.textilis venom from blood or bite site swabs of patients who had died
from snake envenoming where snakes were unidentified. Replacing labelled venom
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with labelled rabbit IgG antivenom within the assay increased its sensitivity to 0.4ng/ml
detectable in serum samples.

Theakston et al., (1977) [169], developed a double sandwich ELISA based on the idea
of linking soluble antigens or toxins to an insoluble solid phase as to maintain the
immunological reactivity of the venom components. Able to detect low levels of venom
(1 to 5ng/ml), his team then simplified this assay to one whose results could be obtained
within 3 hours. This was however still considered too slow to be useful for treatment by
clinicians. Using a similar technique, Coulter et al., (1978) [180], detected venoms of
medically important snakes in 30 minutes at a sensitivity of approximately 6ng/ml. For
the Commonwealth Serum Laboratories (now CSL Ltd), Cox et al. (1992) [181], further
described the use of a rapid sandwich EIA using a lyophilised conjugate within
microtitre wells. The resultant test kit showed a prolonged shelf life and further
shortened the test procedure.

More recently, O‟Leary et al, (2006) [41], developed immunoassays for the detection of
P.textilis venom, antivenom and venom-antivenom complexes in serum of patients with
known and suspected brown snake bites. Samples were collected pre and post
antivenom treatment. The venom ELISA demonstrated a minimum level of detection of
0.03ng per well, equating to 3ng/ml in the undiluted serum samples. Although there was
an inherently high background seen in some patient samples (7 out of 13 samples) with
venom levels therefore undetectable, venom concentrations were able to be determined
for several envenomed patients. Venom levels in (pre-antivenom treated) patient serum
ranged from 8-95ng/ml (median of 26ng/ml). Free venom concentrations in all samples
after antivenom treatment was zero (<3ng). It is possible and hypothesised in this
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research that further analysis of these samples, in a more sensitive system, will enable
low venom levels (<3ng) to be reliably detected.

Several studies have described the detection and in vivo kinetics of venom toxins in
untreated experimental animals, but most of these described non-Australian snake
venoms. One study on the kinetics of Australian venoms from N.scutatus (Nsv) and
P.textilis (Ptv) in cats assessed clinical symptoms and venom levels after subcutaneous
injection of either high (0.1mg/kg [n=4]) or low 0.025mg/kg (n=2) of Nsv or 0.4mg/kg
(n=4) of Ptv [65]. In this study, as described by Cox et al. (1992), a quantitative EIA
was developed to detect Nsv and Ptv levels in serum and urine in the cats at 0, 1, 2, 4, 8,
16 and 24 hours post envenoming. For both Nsv and Ptv envenomed cats, plasma levels
peaked at 1 to 3 and 2 to 5 hours respectively. Nsv levels in urine were detectable at low
levels within 1 hour showing a steady increase, peaking at 16 to 20 hours. P.textilis
venom levels in urine however peaked at 8 hours, still detectable at 40 hours. Similarly,
Dong et al., (2003) [172] studied the kinetics of various Vietnamese snake venoms in
(untreated) rats after sub lethal venom doses were subcutaneously injected into their
hind legs. Most circulatory venom levels peaked between 1 to 6 hours (~2.4 to
90ng/ml), two venoms fell to undetectable levels by 18 hours with two venoms showing
detectable levels at 24 and 36 hours (~10ng/ml).

Individual venom components have also been detected in experimental animals.
Crotoxin, a postsynaptic neurotoxin from C.terrificus (South American rattle snake) has
been detected using horse anti-crotalic venom F(ab‟)2

and an anti-crotoxin IgG

antibody [182]. Using an avidin-biotin system, crotoxin was detected in PBS and mouse
serum at limits of detection of 1pg/ml and 1ng/ml respectively. This highly sensitive
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assay only showed cross-reactivity at concentrations where a 1000-fold increase of the
heterologous venoms (Bothrops sp.) were present, but no cross-reactivity observed for
other pit vipers. Serum kinetics was also assessed in mice; 10g injected
subcutaneously showed peak serum levels (254ng/ml +/- 141ng/ml) 15 minutes post bite
with a significant decline by 30 minutes (3.9 +/- 0.5ng/ml). Similarly, Guo, et al., (1993)
[183], described another ELISA for the detection of a N.naja derived cytotoxin in
rabbits. Pharmacokinetic studies showed the toxin displayed half-life characteristics
with - and β- phase times described.

Furthermore, Li and Ownby, (1994) [184], utilised affinity-purified polyclonal
antibodies, specific for the myotoxic component of the broad-headed copperhead
(A.c.laticinctus) to differentiate between the North American pit viper species. A total
of 43 (8 snake families; 14 species of crotalus) venom samples from diverse geographic
areas were analysed. The ELISA detected (LoD of 2ng/ml) venoms from all the pit
viper venoms (Agkistrodon sp.) with only moderate cross reactivity with some species
(Bothrops. Sp; Central and South America.). Kinetic studies were used to detect
myotoxin levels in rabbit serum after small (0.1g/g) or large (0.5g/g) venom doses
were administered intramuscularly. Interestingly, those receiving higher doses had
serum levels peak at 2 hours post injection with a gradual decline, still detectable at 24
hours. Those receiving the lesser dose showed highest levels at 10 hours after the
experimental envenoming. The disparity in responses observed explained as differences
in local responses (such as the animal clearance systems and local factors such as
capillary permeability, degree of edema) of the animals (reviewed by Selvanayagam and
Gopalakrishnakone, (1999) [170]).
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Although many studies have looked at the in-vitro kinetic effects of Australian elapid
venoms [14, 15, 47, 185] and ex vivo studies on envenomed patient samples [41, 79,
130, 179], none focus on the measurement of individual Australian venom components
in patients.

1.7.2 Specificity and Levels of Detection (LoD)
Geographical species variation has necessitated the development of regional diagnostic
tests specific to snakes located in various regions and ELISAs have been developed
worldwide [41, 172, 174, 175, 180, 181, 186-194] with biological samples tested.
Species and levels of detection are summarised in Table 1.8.

Due to the homology and cross-reactivity between closely related snakes,
methodologies have been employed to differentiate snake species using venom-specific
detection systems. Such immunoassay systems include the use of mixtures of speciesspecific monoclonal antibodies [186, 195], immuno-affinity purified venom-specific
polyclonal antibodies [172] as well as the removal of cross-reactive venom components
prior to antibody production and assay development [174, 175]. The LoDs of these
immunoassays range between 0.1 and 100ng/ml [170] depending on the animal or
human biological matrix tested (Table 1.8). The later use of the avidin-biotin system has
enabled the amplification of signals and therefore increases in LoD [188]. Based on a
method described by Selvanayagam and Gopalakrishnakone, (1999) [193], Dong et al.,
(2003) [172] developed an avidin-biotin immunoassay where rabbit antisera was crosspurified against closely related snake venoms. The resultant venom detection kit
prototype showed excellent specificity and sensitivity (LoD 0.2 to 1.6ng/ml) for four
medically important snakes of Vietnam; T.popeorum, C.rhodostona, N.naja and
O.hannah.
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Table 1.8 Comparison of levels of detection (LoDs) of various immunoassays for the quantitation of snake venoms and toxins.
Highlighted rows are Australian snake species (adapted from [181])
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Snake Species

Common name/Species

Calloselasma rhodostoma
Trimeresurus.albolabris
Daboia russelli
Naja kaouthia
Calloselasma rhodostoma
Vipera ammodytes
Agkistrodon blomhoffii
Bothropa jararaca
Crotalus durissus terrificus
(crotoxin)
Vipera aspis

Malayan Pit viper
White-lipped pit viper
Russell‟s viper
Monocled cobra
Malayan Pit Viper
Long-nosed viper, sand viper/ adder
Chinese pit viper
South American pit viper/ Jararaca
South American rattle snake

Bothrops atrox
Agkistrodon contortrix
laticinctus (myotoxin)
Bungarus caeruleus
Echis carinatus
Naja naja
Daboia russellii
Pseudonaja textils
Acanthophis antarcticus
Pseudechis australis
Oxyuranus scutellatus
Notechis scutatus
Pseudonaja textilis

Common lancehead
Broad- banded copperhead

Trimeresurus popeorum
Calloselasma rhodostoma
Naja naja
Ophiophagus Hannah

Pope‟s tree viper
Malayan pit viper
Indian Cobra
King Cobra

European asp/ European viper

Common Krait
Saw-scaled viper
Indian Cobra
Russell‟s viper
Common brown snake
Common death adder
King brown/ Mulga snake
Taipan
Common/ mainland tiger snake
Common/ Eastern brown snake

Matrix
Human serum

LoD (ng/ml)

Reference

10.0-20.0

[196]

5.0
1.0
50.0
14.6
0.003
2.2
1.0

[197]
[198]

20.0
2.0

[174]
[184]

Tissue homogenate

0.1

[193]

Phosphate buffered saline

2.5

[181]

Phosphate buffered saline
human serum

3.0

Phosphate buffered saline
Rabbit blood
Mouse serum
Mouse serum
Phosphate buffered saline
Mouse serum
Human blood, serum and
urine
Mouse serum
Rabbit and human sera

Blood, plasma, Serum,
Urine
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0.4-1.6
0.4-1.6
0.2-1.6
0.2-0.8

[188]
[182]
[187]

[41]

[172]

1.7.3 Dissociated Enhanced Lanthanide fluorometric
Immunoassay (DELFIA)
While ELISA‟s are based on a colorimetric change for the accurate detection of venom
proteins in bodily fluids, they generally lack the level of sensitivity needed to detect low
levels of venom and individual venom components such as those found in patient serum
samples. The DELFIA is based on time resolved fluorescence (TRF) technology and the
use of lanthanide chelate labels that show unique fluorescent properties (Europium
(Eu3+), samarium (Sm3+), terbium and dysprosium). The fluorescent signals of these
metallic labels are several orders of magnitude longer than the non-specific background
signal, enabling the label to be measured after the background fluorescence has
decayed. Due to the difference between excitation and emission wavelengths (the stoke
shift) of such labels as well as the narrow emission peak, DELFIA offers a higher signal
to noise ratio and therefore heightened sensitivity over standard luminescent
technologies. The increase in sensitivity is also attributed to the dissociation-enhanced
developing methodology; whereupon the development of the assay, the lanthanide
chelate is dissociated into a new highly fluorescent and stable chelate inside a protective
micelle. In addition, conventional fluorometric immunoassays are often limited by high
background as a result of non-specific fluorescence from non-targeted compounds in
complex mixtures, such as venoms [41]. TRF and DELFIA technology is an alternative
to standard fluorometric assays enabling higher signal to noise ratios and much greater
sensitivities [199].

DELFIA technology has been described for the detection of molecules occurring in low
levels in human biological samples; including; mucosal and systemic antibodies [200], a
metal-binding protein, metallothrionein [199] and the ACE inhibitor, Sampatrilat [201].
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In Hale et al., (2001) [200], higher signal to noise ratios were observed in the developed
DELFIA than standard ELISA formats. Limits of detection varied based on the format
of the assay, with the addition of an avidin-biotin system further enhancing the
sensitivity; enabling the detection of 0.03ng/ml of viral and bacterial antigen- specific
IgA.

Hale and colleagues (2001) also highlighted the capability of DELFIA to be used in
various formats. The use of different lanthanide metals allows for multiplexing of the
immunoassay system; enabling the detection of two or more targets. The investigators
describe the simultaneous detection of antigen-specific IgG and IgA using conjugates
labelled with either europium or samarium. Similarly, Bonin et al., (1999) [202],
described the application of single and dual-antigen DELFIA technology in the
detection of diphtheria and tetanus antitoxin levels. The resultant DELFIA showed
exceptional sensitivity with cut-off values as low as 0.002 Absorbance Units (AU) per
ml of detectable antitoxin as compared to a 0.02 AU/ml cut-off in the standard ELISA.
High backgrounds due to non-specific interactions have been widely reported in venom
detection assays [41, 177, 180]

DELFIA systems have been shown to be highly sensitive and easily adaptable for the
detection of various molecules in human biological samples. No current studies exist
applying this technology to snake venom research and the detection of venom and
venom toxins in biological samples.
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1.8 Immunological cross reactivity of Australian Elapid venoms
Little is known about the immunogenicity of snake venom toxins. Improved
understanding of antigen presenting cell function may assist in targeting vital
immunogenic venom antigens, enabling the production of highly specific targeted
antivenom treatments [101]. It may also be useful in synthetic peptide development that
may act as desensitising or even protective [203] therapies for herpetologists, some of
whom suffer from potentially lethal allergy to snakes and their venom. The
immunological cross-reactivity between venom toxins has implications on what we
target in specific snake venom detection kits as well the way we produce antivenom
treatments; both of major clinical importance in Australian envenoming.

1.8.1 Taxonomical relationship of Australian elapid snakes
The Australian snakes subject to analysis within the scope of this project show close
taxonomic relationships, as shown in Figure 1.6, based on molecular phylogenetic
analysis of seven genes in Australasian elapids and sea snakes (Hydrophiinae). As
mentioned previously, it is difficult to differentiate between Australian snakes of
medical importance due to the similarities in appearance, colouration and behaviour
[93] as well as their clinical effects (Table 1.1). Despite these similarities, the venoms
of Australian elapids snakes have been shown to contain highly diverse venoms [14].
Venom diversity is thought to be a result of a phenomenon known as „punctuated
evolution‟; whereby a key event or adaptation leads to a vast expansion of a species
[204]. It is thought that this occurred when the Asian elapids invaded Australia;
Australia at this time was only inhabited by primitive pythons, blind snakes
(Typhlopids) and colubrids with limited habitats. As a result, snakes and the
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composition of their venoms evolved.

The major molecular diversity has been

demonstrated in three main medically important toxin types: three finger toxins (3FTx),
phospholipase A2s (PLA2s) and prothrombin-activating enzymes (PTA) [14, 101].

Figure 1.6 Taxonomical relationship between Australian elapid snakes (from Sanders et
al.2008) [205]. Highlighted in red are the species of focus in this project. MrBayes Bayesian all
compatible consensus of 30,000 trees, support values >50% shown for MrBayes and Maximumlikelihood analyses respectively.
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1.8.2 Molecular cross reactivity of venoms
As described above, many techniques for differentiating venoms had been investigated
until Theakston et al., 1977, developed a micro-ELISA as an experimental tool for
venom detection that colleagues at CSL Ltd later adapted for use as the currently
available snake venom detection kit (VDK). In some cases however, due to natural
cross-reactions between venoms [90] more than one of the 5 snake group wells in the
test kit show positivity. CSL claim that a degree of cross-reactivity in the VDK can be
advantageous as it allows the kit to detect venoms not directly targeted but which are
from related species. Also, proper use of the kit involves constant monitoring to detect
the first well to change colour, said to be a reliable indicator of the correct venom when
multiple wells change colour. If the levels of cross-reactivity become too high between
the different groups, it can lead to confusion as to the appropriate choice of antivenom
[1, 102].

The VDK was characterised by Steuten et al., (2007) [101], in respect to its sensitivity
and specificity. The authors investigated the cross-reactivity of a number of purified
toxins (3FTx, PLA2 and PTAs) against the five venoms currently targeted by the VDK.
The phospholipase A2s (PLA2s) toxin group reacted strongly and demonstrated
considerable cross-reactivity across snake groups. Interestingly, the study showed that
snake groups with the closest evolutionary relationships demonstrated the lowest level
of cross-reactivity. The investigators found that despite the evolutionary closeness of
P.textilis to O.scutellatus, only negligible levels of cross-reactivity were observed
between these two groups (Figure 1.7). On the other hand, for snakes considerably
separated by evolution, including: P.australis, A.antarcticus and N.scutatus, there were
more false positive results seen and moderate levels of cross-reactivity between them.
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From this, the investigators concluded that the cross reactions observed were not strictly
due to the taxonomical relationships, rather biochemical similarities between their
venoms and individual toxin types. The results of this study showed considerable
variation in toxin detection, with implications in further development of venom
detection, both in Australia and other countries.

Figure 1.7 Cross reactivity between P.textilis and O.scutellatus venom on VDK [101]. (a)
crude P.textilis venom, n = 3 for 107 to 104 g/mL; (b) crude O. scutellatus venom, n = 3 for 107
to 104 g/mL.

Immunological cross-reactivity has also been assessed between various snake group
venoms and antibodies raised against specific venom components. C-type lectin
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proteins, which show a variety of biological functions such as affecting different
pathways in haemostasis, have been studied in Bothrops and Crotalus venoms [206].
ELISA and western blot interactions of five C-type lectin proteins were investigated
using two preparations of antibodies; raised in rabbits against the (i) native and (ii)
denatured form of bothrojaracin. Although the tested proteins share structural similarity
(sharing antigenic determinants), the antibodies raised against the denatured protein still
reacted with most of the C-type lectins and the antibodies against native protein were
shown to be more selective. This implies that immunological cross-reactivity relates
somewhat to the primary structure of the venom proteins.

Furthermore, Harrison et al., (2003) [207], showed the immunological cross-reactivity
of a DNA derived antibody (anti-jararhagin, mAb JD9) with venom components in
snakes of distinct species and genera. Cross-reactivity of the antibody was shown to
correlate to amino acid sequences of predicted antigenic domains of JD9-analogues.
This was evident in venoms of snake with close taxonomic links to B.jararaca and
correlated to a 50 to 60 kDa component (Figure 1.8). This study assessed the
phylogenetic range of cross-reactivity of this toxin-specific antibody and assisted in
identifying protein configurations responsible for the observed immunoreactivity.
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Figure 1.8: Cross reactivity of JD9 antibody with different snake venoms, adapted from
Harrison et al. (2003) [207]. Venoms from B.jararaca (Bj), B.atrox (Ba), Bitis arieans (Bita),
C.atrox (Ca), C.viridis helleri (Cvh), T.flavovitidia (Tf), A.contortrix (Ac), E.ocellatus (Eo),
E.pyramidum leakeyi (Epl), C.cerastes (Ccc), D.russelli (Dr), N. nigricollis (Nn) and N.haje
(Nh). Venoms resolved by SDS-PAGE, blotted onto nitrocellulose and incubated with antisera
from mice immunised with JD9 DNA (diluted 1:2,000).

St.Pierre et al., (2005) [165] similarly showed the ability of a number of antibodies
(directed against a recombinant form of Pt FXa-like heavy chain, whole purified PtPA
and anti-GLA) to bind the prothrombin activators in eight Australian elapid venoms.
cDNA cloning from venom glands and comparisons of deduced amino acid sequences
enabled certain structural information to be confirmed. Protease sequence comparisons
to human FX have shown a similar overall domain structure, including a pro-peptide,
light chain, activation peptide and heavy chain [208]. St.Pierre and colleagues (2005)
also found that the 40 amino acid pro-peptide sequence was highly conserved between
all tested species, as too was the cleavage sites between the pro-peptide and light chains.
The cleavage sites at the ends of the activation peptide in the precursor protein are also
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conserved between the snake species, offering interesting target sites for synthetic
peptides for new novel treatments.

To date, few studies have looked at the molecular and immunological cross-reactivity
among Australian elapids. Although many studies have investigated the structural and
functional similarities between venom components of Australian elapid snakes, their
focus has been mainly been on their procoagulant [15, 42, 52, 138, 157, 159, 165] and
neurotoxic activities [81, 89, 209, 210]. None, however, have looked at the
immunogenic sequences of these venom components and considered their importance in
the production of better antivenom treatments and differentiation of species.

1.8.3 Cross neutralisation of Commercial antivenoms
CSL Ltd is the sole manufacturers of antivenoms for human use in Australia. They
produce 5 „monovalent‟ antivenoms against the five major snake groups; Brown
(Pseudonaja sp.), Tiger (Notechis sp.), Mulga/Black snakes (Pseudechis sp.), Taipans
(Oxyuranus sp.) and Death Adders (Acanthophis sp.) and a „polyvalent‟ antivenom
which is a combination of all five. There are numerous manufacturers of veterinary
antivenoms for use in Australia. Companies including Australian Veterinary Serum
Laboratories (AVSL), Summerland Serum and Pfizer manufacture products
administered to domestic animals and some offer preparations against multiple snake
groups. An example is the Tiger/Multibrown preparation produced by Summerland
Serums which is raised against the venoms of various brown snake species and tiger
snakes.

59

It has been suggested that Australian snake antivenoms are not monovalent, but contain
antibodies and are able to neutralise the effects of venoms other than those they were
raised against [211]. For instance, TSAV has been shown to neutralise the effects of sea
snake venom [212] as well as the American coral snake [213]. The cross-reactivity
between TSAV and sea snake venom is likely due to the fact that early in production of
the CSL TSAV preparation, sea snake venom was added to the immunising „mix‟ to
improve the antibody titre produced by the horses (Personal communication, Professor
Julian White). This indicates that what was originally thought to be cross-neutralisation
between species was in fact, direct neutralisation by specific immunoglobins. Masci et
al., (1988) [43], however, observed cross-reactivity between Taipan venom and rabbit
antisera raised against Brown snake PA, which again is to be expected, as both PA‟s
from brown snake and taipan are both Group C PAs.

Coulter et al., (1978) [97], showed minor cross-reactivity between tiger snake venom
(Nsv) and rabbit raised antibodies against brown snake venom (Ptv) in a solid-phase
RIA whereas studies by Masci et al., (1988) [43] found that antibodies raised against
brown snake derived prothrombin activator showed no cross reactivity with Nsv in an
Ouchterlony diffusion assay. It should be noted here that tiger snake PAs only contain
the smaller FX-like molecule whereas the brown snake has both FX and FV-like
molecules so some degree of cross-reactivity should be expected. In vivo, injections of
venom and antivenom mixtures into guinea pigs have shown low cross-neutralisation
properties (0.2%) between Ptv and TSAV [107]. As the FXa-like components of the
prothrombin activators from Nsv and Ptv show a close degree of homology [165], such
results may be due to the site of binding of certain PA components to the various
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matrices or antibodies, like the gel used to affinity purify antibodies or sites occupied by
the binding of toxins to an ELISA plate.

Given structural and functional similarities between common venom components of
Australian elapids, it would be consistent that polyspecific antibodies such as those
found in antivenom preparations would cross-react with each other. O‟Leary et al.,
(2007) [211], undertook experiments to identify the level of cross-neutralisation
between TSAV and BSAV. The investigators confirmed that antivenom formulations
are in fact mixtures; as CSL immunise horses with multiple venoms when producing
their antivenoms.

Using EIAs and clotting studies, the authors found significant overlaps in the
antivenoms‟ ability to bind and neutralise both brown and tiger snake venom
components. TSAV and BSAV both neutralised each of the venoms during in vitro
clotting experiments. Competitive studies using an IgY antibody raised against P.textilis
venom suggested that there was a degree of true cross-reactivity between these venoms
and antivenoms. Other studies using the IgY preparation displayed its reduced ability to
neutralise low-molecular weight neurotoxic components suggesting the cross-reactivity
is predominantly a result of the prothrombin activating components [125]. Similarly,
Pearson et al., (1991) [214], found weak interactions between TSAV and the neurotoxic
component in Ptv using an EIA.

Considering that TSAV has been recommended to be used in the treatment of other
tiger snake group envenomings such as Austrelaps and Hoplocephalus sp. [14], the
effects of TSAV to neutralise the post-synaptic neurotoxic effects of these venoms was
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studied by Hodgson et al., (2003) [9]. Although neurotoxicity has not been noted as a
clinically significant outcome of Hoplocelphalus sp. envenomings, it was found that
when antivenom (1U/ml or 5U/ml) was added either prior to or after envenoming
venoms had produced considerable neuromuscular blockade, the antivenom was
effective at neutralising the in vitro effects of all three tested venoms. This work
supports the current treatment recommendations in regard to neurotoxic effects [9].

1.8.4 Implications for detection and treatment
Generally, the advantage of monovalent antivenoms is that they contain less foreign
(non-reactive) protein equating to a lower risk of hypersensitivity reactions in patients
[211]. The one caveat however, is that the correct snake must be identified prior to
selection of the appropriate antivenom. One unit of antivenom activity is defined as the
dose required to neutralise 10 micrograms of the venom to which the antivenom was
raised [90]. Each vial is designed to have sufficient activity to neutralise the average
amount of venom obtained by milking a snake. Clinicians however, are treating patients
with antivenom preparations raised against only one species, even if they have been
bitten by a different snake species. An example is in the case of tiger snake group
envenoming where a patient bitten by H.stephensii or T.carinatus will be administered
TSAV, raised against N.scutatus venom. Research to date has not offered useful
information on how much antivenom is required to neutralise venoms not directly
targeted by the antivenom.

Although structural and functional studies show considerable homology between the
proteins in these venoms, our current knowledge on the entire proteomes of these
venoms is lacking. A proteomic approach to the study of Australian elapids has only
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been adopted in a handful of studies [6-8]. Further elucidation of the homology of
protein sequences and the resultant immunological cross-reactivities observed has both
clinical and manufacturing implications. The clarification of cross-reactive epitopes
may enable more targeted or universal antivenom treatments for these snake species,
offering a treatment with less non-reactive components and therefore less risk of
hypersensitivity reactions. In addition, once determined, cross-reactive epitopes can be
avoided in the development of venom detection kits that exclusively differentiate
Australian elapid snakes, optimising the efficiency in selecting appropriate antivenom
treatments.

1.9 Direct effects of venom toxins
Numerous studies have looked into the direct effects of snake venom toxins based on
clinical outcomes, histopathological changes and in vitro effects on cells. Such studies
include the measurement parameters, such as serum CK and creatinine levels for
myotoxic effects [215-217] and INR/PT, aPPT, D-Dimer levels and WBCT for
coagulopathic venoms [78, 91, 129]. Crude venoms and their specific toxins have also
been tested in vitro on various animal derived primary and cultured cells [83, 185, 218222] as well as on animal nerve-muscle preparations [89, 217, 222-224] and have aided
in our understanding of their mechanisms of action and toxicities. Others have utilised
the analysis of histopathological changes in animal tissues after injection of venom or
purified venom toxins [216, 225-227] to help define sites and mechanisms of action.

Studies have also have measured crude venom levels in tissues and organs of
experimental animals and human autopsy specimens [193, 228]. However, no studies to
date have detected or identified the specific tissue (cellular) localisation of venom toxins
in the tissues or organs of envenomed patients. Venom toxins thought to be responsible
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for the most severe clinical effects seen in humans and domestic animals are: (i)
prothrombin activating enzymes acting on coagulation factors leading to venom induced
consumptive coagulopathy, (ii) pre and post-synaptic neurotoxins that result in paralysis
and (iii) myotoxic components that promote muscle cell destruction (myonecrosis).
Therefore venom toxins localised on the vasculature endothelium, on neuronal cells and
throughout muscle tissue respectively in envenomed patients might be expected. In the
case of venom prothrombin activators, demonstration of a substantial amount of the
toxin bound to endothelial surfaces would cause us to question the relevance of serum
concentrations of this toxin (as most of the active toxin may be on the endothelial
surface rather than in solution.

1.9.1 Distribution of venom in tissues
Although it is well documented (as previously outlined) that venom toxins cause
systemic effects, few studies have focused on their detection in specific organs and
tissues. An early study by EIA of three human tiger (N.scutatus) snakebite victims was
undertaken where moderate levels (8.7ng/ml) of venom was detected in renal tissue,
high levels (800ng/ml) in urine and low levels (0.8 to 1.6ng/ml) at the bite site [229].
Selvanayagam et al., (1999) [193], used two detection systems to quantify amounts of
venom in various organs of experimental animals and human snake bite victim autopsy
specimens (ELISA and species-specific ELISA respectively). In a mouse model,
E.carinatus venom was injected subcutaneously (6.65mg/kg) and tissue from the site of
injection and other organs (brain, heart, lungs, liver, spleen and kidneys) collected at
various time points after death. Tissues were homogenised and supernatants applied to
an ELISA for venom quantification. Figure 1.9 indicates venom levels detected. Large
quantities were detected in all tissues 1 hour post bite, with highest levels observed at
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the bite site (close to 1g/ml) between 1 to 12 hours post bite. High concentrations were
also measured in the heart, lung, liver and kidney for 36 hours post bite. Gradual
decreases were seen up to 24 hours followed by a uniformly rapid decrease after 24
hours, particularly at the bite site, in the liver, kidney and spleen. It is pertinent to note
here that the venom doses given in this study (~150ug/ mouse) were significantly higher
than the current LD50 dose.

Figure 1.9: E.carinatus levels detected in tissue and organs (A and B) of mice at various
time intervals post bit [193]. LD50 dose of E.carinatus injected SC into mice, supernatant of
tissue homogenates analysed in duplicate and concentrations (ng/ml) determined by
interpolation of titration curve of E.carinatus venom diluted into tissue homogenates of control
mice.
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In a more sensitive assay using a biotin detection system (AB-ELISA), autopsy
specimens from Indian snake bite victims were also sampled. In all, 12 cases were
tested; the species responsible was determined as too were venom levels in the various
tissues. As in the mouse model, the highest levels were detected at the bite site (0.2 to
1.95 ng/ml) and moderate amounts located in the heart, lungs, liver, spleen and kidneys
(145 to 550 pg/ml, 100 to 550 pg/ml, 160 to 750 pg/ml, 120 to 1350 pg/ml and 130 to
630 pg/ml respectively), summarised in Table 1.9. The lowest levels were detected in
the brain and in 3 out of 12 cases venom levels in the brain were undetectable.
Generally, venom was detected in all vital organs irrespective of any specific target
organ though levels varied from one organ to another. The moderate levels detected in
the kidney imply possible renal excretion of venom and the low levels seen in the brain
indicate that the blood brain barrier prevents the movement of venom components from
entering the brain. For patient 12, autopsy specimens were kept at room temperature for
approximately 2 weeks prior to experimentation and therefore the venom may have
degraded as a result of fast decay of the tissue as a result of venom toxins.
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Table 1.9 Detected venom concentrations in autopsy specimens of human
snakebite victims in India [193]

12

Autopsy specimens homogenised and supernatant applied in duplicate to ABELISA. Venom concentrations interpolated from titration curve of respective
venoms diluted in tissue homogenates of normal controls. – indicates venom not
detected, a specimen not obtainable, b Species responsible confirmed by assay and
identification.

Selvanayagam et al., (1999) [193], also noted that venom detection in tissue samples
depended on the time lapse between the bite and actual death of the patient, given that
circulation needs to occur for the deposition of venom components into the tissues and
organs. This time gap also allows for absorption, redistribution and excretion of venom
toxins and must be considered when looking at levels detected. It would be of value to
undertake similar studies with Australian snake venoms, particularly targeting specific
components. This would aid in our understanding of the kinetics of vital components,
how they are absorbed and where they are likely to localise. No such studies to date
have been conducted on Australian elapid venoms.
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Similarly, a study undertaken by Brunda et al., (2006) [228] detected Indian krait
venom in autopsy specimens (skin, blood and cerebrospinal fluid- CSF; 8 victims),
biopsy specimens from 14 snake bite victims (skin scraping, serum and CSF) and rat
tissue (skin, liver and kidneys) using an indirect competitive inhibition ELISA.
Concentrations detected varied depending on the tissue sampled, with 4 to 172ng/ml
and 64 to 378ng/ml of venom detected in skin/ skin scrapings and serum respectively.
No venom was detected in the CSF, implying that the blood brain barrier prevents
venom from entering the brain. Spiked rat tissue and normal human serum were used to
assess recoveries of venom at varying concentrations indicating that 95 to 100% and 94
to 100% of venom was recovered respectively.

1.9.2 Histological effects of venom toxins
Myoglobinuria is the clinical condition associated with rhabdomyolysis, and is
considered one cause of acute renal failure [215, 230]. A number of Australian elapid
venom myotoxins have been suspected of causing skeletal muscle cell breakdown, and
although rare in humans, is increasingly evident in domestic animals [65]. Ponraj et al.,
(1996) [215] developed a mouse model to investigate myoglobinuria and the
pathological mechanisms of myotoxic venom components. After local injection of
purified myotoxin from P.australis into the calf muscle of experimental mice,
myoglobinuria (shown by red or dark brown urine) was observed 1 hour post injection.
Light microscopic studies showed myonecrosis of local muscles within 30 minutes of
the injection followed by regeneration in 7 to 10 days.

Histological changes in the kidney were also observed including numerous pigmented
casts obstructing the whole lumen of the tubules, with some tubules showing acute
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tubular necrosis. Immunohistochemical localisation of myoglobin confirmed the
presence of myoglobin casts in the renal tubes. The study showed that venom induced
rhabdomyolysis is followed by myoglobinuria showing renal manifestations in the
forms of myoglobin cast nephropathy and tubulopathy [216]. Similarly, Mandal et al.,
(2007) [226], showed that after immunising mice with RVV-7, a 7.2kDa cytotoxin
isolated from D.russelli, histology of the kidney showed degenerated tubular
endothelium. Autoradiographic analyses showed that the toxin bound specifically to
mouse kidney membranes and localised in higher levels to the kidney when compared
to the blood and liver. D.russelli venom is thought to have direct nephrotoxic affects as
renal damage has been observed in patients in envenoming with no myotoxicity. Direct
nephrotoxic action of the Australian snake venoms described in this thesis have not
been demonstrated so renal damage observed may possibly be a result of generalised
hypotension, increased fibrin degradation product clearance (as a result of
coagulopathy) or secondary to rhabdomyolysis and myoglobinuria.

The NMJ is where one would expect to see neurotoxic activity and several pre-synaptic
neurotoxins have been shown to play a role in envenoming of prey [231] by persistently
blocking neuromuscular transmission [232]. Some isolated from Australian elapids
include: Notexin (from N.scutatus venom), a single chain phospholipase A2 [233];
taipoxin (from O.scutellatus venom), a PLA2 composed of three non-covalently linked
subunits [80] and textilotoxin (from P.textilis venom) composed of six subunits, all
showing PLA2 activity [234]. Electron microscopy has enabled the visualisation of
neuronal defects caused by these toxins, which include swollen, enlarged axon terminals
with a depletion of synaptic vesicles.
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Rigoni et al., (2004) [218], investigated the mechanisms of action of four snake derived
pre-synaptic neurotoxins (Notexin, β-bungarotoxin, taipoxin and textilotoxin) on
cultured neurons isolated from various parts of the rat brain. Such primary neuronal
cultures have previously been shown to be relatively homogeneous and after several
days of culture form a network of functional synaptic contacts, characteristics of mature
neurons [235, 236]. Neuronal cells were exposed to toxin for short periods of time at
varying concentrations with morphological changes and distribution of various markers
analysed by immunofluorescence. Each toxin tested induced bulging of neuronal
projections and the redistribution of synaptic vesicle markers, synaptophysin I and
vesicle-attached membrane protein 2. The authors concluded that these toxins act via
similar mechanisms which resemble events occurring at the NMJ of intoxicated
animals. The study also showed that primary neuronal cultures are effective models for
studying the molecular modes of actions of neurotoxins.

Many species of Australian elapids contain a FXa-like prothrombin activating enzymes
responsible for most of the disruption of blood haemostasis and haemorrhage clinically
seen [14]. However, only a small number of species has the specific procoagulant
component been isolated and characterised. Clinically, their effects are diagnosed
through blood studies showing defibrination coagulopathy with the net effect being
hypo-coagulable blood. In the laboratory their toxicities have been determined by
various in vitro and in vivo studies, as previously mentioned. It has been speculated
throughout the literature that procoagulant venoms cause an initial thrombotic phase
with thrombus formation followed by defibrination associated with major haemorrhage
in Australian snakebites, but none have confirmed this directly by histology.
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Procoagulant venom toxins, such as those found in Australian elapids (Group C and D
PAs), act by mimicking the prothrombinase complex and convert prothrombin to
thrombin. This interaction occurs on the surface of several circulating cells including
monocytes, platelets, and endothelial cells [151] and therefore these toxins may bind to
vascular endothelium, however, this has not been reported.

1.9.3 Immunohistological staining of envenomed tissue
During the production of anti-crotalus antivenom in horses, some animals die from the
high toxicity of the main neurotoxic venom component crotoxin [237]. Cardi et al.,
(1998) [238], studied the detoxifying effects and retained immunogenicity of gamma
irradiation and
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I-labeling on crotoxin (iCTX and
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I-CTX). Immunohistochemical

analysis was undertaken to investigate the biodistribution of both native toxin (nCTX)
and iCTX in mice. The study showed that although there was early excretion of iCTX
by the kidneys, there was a high uptake of iCTX in the liver and spleen.
Immunohistochemical staining showed that both labelled toxins iCTX were found on
kidney tubular cell surface. Kupffer cells, splenocyte and macrophages showed
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I-

CTX uptake. No staining was seen in the brain, lung or heart and faint tubular brush
border staining seen in the kidney (15, 30 mins). A few heavily stained NMJs were
observed in muscle tissue.

The aforementioned studies support the view that venom toxins can indeed be detected
in tissue and organs of envenomed patients and suggest that the localisation of these
toxins in appropriately preserved tissue samples is achievable. No studies clarify the
exact in vivo distribution and organ localisation of Australian snake venom proteins.
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Chapter 2
Research Aims and
Strategies
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2.1 Aims in collaboration with the Australian Snakebite Project (ASP)
ASP has a number of aims encompassing the pathology, natural history and treatment of
elapid snake envenoming in humans. A key part of the project has been the
development of laboratory assays to quantify snake venom in the blood of snakebite
victims in serial serum samples before and after treatment with antivenom. For brown
snake envenoming, ASP has found that a treatment dose of two vials of a commercially
available antivenom (CSL Ltd) is sufficient to neutralise circulating venom in all
patients so far studied [41].

This thesis will focus on the coagulopathic effects of Australian snake venoms; VICC is
the commonest potentially lethal clinical problem encountered by clinicians [77]. There
is uncertainty as to whether the clinical features and severity of VICC vary between
different species of snake, whether current antivenom treatment is sufficiently effective,
and whether supplementary clotting factor treatment is required [239]. The overarching
aim of this project is to improve our understanding of VICC. This will be achieved by:
1. Developing diagnostic assays to:
a. Accurately determine which species of snake (Pseudonaja sp., Notechis
sp., Tropidechis sp. and Hoplocephalus sp.) is responsible after
validating the assay system with venom spiked non-envenomed human
serum.
b. Measure crude venom and coagulopathic components of venom in serial
patient serum samples (human samples recruited to ASP and domestic
animal to Murdoch Emergency Pet Centre, MPEC)
2. Assess the ability of currently available commercial polyclonal/multivalent
antivenom

preparations

and

in-house
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species-specific

polyclonal

and

monoclonal antibodies to neutralise the procoagulant activities of the tiger snake
group, brown snake group and taipan group venoms.
3. Examine tissues obtained from domestic animals that have died following elapid
envenoming for evidence of venom binding to blood vessel endothelium,
muscle, heart, lung and kidney tissue.

2.2 Quantitative venom detection in patient samples
It has not been previously possible to differentiate envenoming by the Australian tiger
snake

group

(Notechis

ater,

Notechis

scutatus,

Tropidechis

carinatus

and

Hoplocephalus stephensii) unless the snake has been provided for identification. It
therefore remains unclear what proportion of „tiger snake group‟ envenomings are due
to each of the aforementioned tiger group snakes. Each of the Notechis spp, two
Hoplocephalus species (Stephens‟ banded and pale headed-snakes) and Tropidechis
species test positive for tiger snake venom with the current VDK and occur in the same
regions [179]. The aims of this project in respect to venom detection are twofold. Using
both polyclonal and species- specific monoclonal antibodies, to develop and compare
immunoassays (ELISA and DELFIA) for (i) the accurate identification, differentiation
and quantification of venoms in envenomed patient sera; specifically those suspected of
tiger snake group bites and (ii) the detection of individual venom components such as
prothrombin activating enzymes and neurotoxic components in serial serum and urine
samples. The developed assays will enable retrospective analyses of serum samples for
tiger snake group envenomed (ASP recruited) patients to aid in the elucidation of
specific clinical syndromes.
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The ability to measure venom levels in serial patient samples before and after
antivenom treatment is also a useful tool in assessing efficacy and appropriate dosing of
antivenom, particularly for the tiger snake group envenomings, which is yet to be
studied. Similarly and in collaboration with the MPEC, serum and urine collected from
envenomed dogs and cats will be assayed to clarify appropriate antivenom levels in the
hope of minimising the administration of excess, expensive antivenom. As with human
patients, correlations will be made with clinical data and will help determine clinically
relevant endpoints for antivenom treatment in domestic animal patients.

2.3 Venom cross reactivity and antivenom efficacy
Human plasma clotting assays have previously been described to measure the efficacy
of antivenoms in vitro [79, 211]. In-house monoclonal and polyclonal antibodies as
well as commercially used antivenoms (CSL brown and tiger snake antivenom and
Summerland Serums tiger/multibrown veterinary antivenom) will be assessed for their
ability to delay the clotting induced by various Australian snake venoms. Using both
human and canine plasma, CSL brown snake antivenom (BSAV) (raised against
P.textilis venom) has been tested to see how well it inhibits clotting of brown snakes
found in Western Australia; the dugite (P.affinis) and gwardar (P.nuchalis).

2.4 Immunohistological staining of envenomed tissue
Many domestic animals admitted to the MPEC due to snakebite are euthanased due to
the high cost of treatment. Ethics approval was obtained to collect (with owner consent)
biopsy samples from the kidney, muscle, heart and lung of euthanized animals as well
as urine and serum samples. These tissue samples have been stained with a variety of
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available antibodies to localise crude venom and individual venom toxins within the
organs. This will aid in the understanding of localisation and effects in the tissues of
envenomed animals.
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Chapter 3
Antibody Production and
Characterisation
77

3.1. Introduction
Antibodies have long been used for the development of immunoassays for the detection
of a multitude of molecules, including snake venoms (Chapter 1.7). This chapter
describes the development and characterisation of both monoclonal and polyclonal
antibodies to Australian snake venoms (tigers and related snakes, brown and taipan)
and venom components (prothrombin activating components and neurotoxins). The use
of these antibodies to develop sensitive and specific immunoassays to analyse
envenomed human and domestic animal serum samples is described in Chapter 4.

The species selected to generate antibodies against were chosen to cover venoms found
on both the east (for human patients) and west (animal patients) coast of Australia. The
venom of the tiger snake species found in Western Australia, N.ater occidentalis was
unavailable and therefore another N.ater species was used, N.ater niger. Since the
purchase of venom for this work in 2006, all Notechis subspecies have being
reclassified as all belonging to the N.scutatus species. After recent DNA analysis, all
previously recognised subspecies (ater, niger and occidentalis) showed little genetic
divergence and determined to be a single species, rendering the subspecies
classifications no longer valid. The original differences between subspecies were
attributed to the gigantism/dwarfism commonly seen in insular populations [240]. For
the purpose of this work however, the species have been referred to as N.scutatus, as
having being derived from the Eastern coast of Australia and N.ater from South
Australia, to substitute for N.occidentalis of Western Australia.

Similarly, recent morphometric analysis of the Pseudonaja species has resulted in a
reclassification of the P.nuchalis species into 3 distinct subspecies; P.aspidoryncha
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(inhabiting South Australia), P.mengdeni (inhabiting Western Australia, South and
Central Australia) and P.nuchalis now representing subspecies found in Darwin and
Northern Queensland [241]. When venoms were purchased, the P.nuchalis venom
obtained was from a species along the Eyre Peninsula, South Australia. Under this new
classification system, the venom referred to in this thesis as P.nuchalis is likely to have
come from the newly classified P.aspidoryncha or P.mengdeni species, both located on
the Eyre Peninsula. Some years after the purchase of the venoms, it is impossible to
verify which new classified species the venom was derived, but for the purpose of this
thesis, it is described as P.nuchalis venom.

The aim here was to develop a panel of characterised antibodies for the measurement of
crude venom and specific venom components in serum, urine and tissue samples. The
end use of these antibodies is therefore broad, including ELISA and DELFIA, Western
blot (WB) and Immunohistochemistry (IHC) assay formats. Because epitope „visibility‟
may differ between assay formats, it was expected that different antibodies might be
optimal for different assays. Therefore a range of antibodies were selected for screening
in each application.
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3.2 Material and Methods
3.2.1 Materials
Lyophilised whole venoms of P.textilis (Pt), O.scutellatus (Os), N.ater (Na), N.scutatus
(Ns), T.carinatus (Tc) and H.stephensii (Hs) and purified Pt, Ns and Os prothrombin
activators (PA) were purchased from Venom supplies, South Australia. Complete
Freund‟s adjuvant (CFA) and Incomplete Freund‟s adjuvant (IFA) were purchased from
Difco Laboratories, Detroit, Michigan. Horseradish peroxidase (HRP) labelled sheep
anti-mouse Ig, HRP labelled sheep anti mouse IgG Fc F(ab‟)2 , HRP labelled sheep antirabbit IgG and Streptavidin-HRP conjugates were purchased from Millipore (formerly
Chemicon). Protein G-Sepharose and CNBr activated Sepharose Fast Flow as well as
Hybond-C nitrocellulose membrane and Kodak Film were purchased from GE
Heathcare. BSA, FCS, Hybridoma Serum Free Medium (HSFM) and Mouse Typer kit
from Invitrogen, Dulbecco‟s Modified Eagle Medium (DMEM), HAT/HT supplements
and Pen/Strep (P/S) were purchased from Gibco. 2,2‟-Amino-bis (3-ethylbenzothiazoline – 6 – sulfonic acid) diammonium salt (ABTS) and ethanolamine from Sigma
and PEG1500 purchased from Roche, Germany. Dimethyl pimelimidate.2H20 (DMP)
and Ez-link Biotinylation kit were obtained from Pierce, USA. Microtitre ELISA plates
were purchased from Costar, USA and

Western Blot Chemiluminescence reagent

PLUS obtained from Perkin Elmer. A/J, CBA/J and C57BL/6J mice (18-22g) supplied
by The Animal Resources Centre, Murdoch, and New Zealand White rabbits were
maintained at the UWA Biomedical Research Facility, Perth. All animal work was
conducted at the UWA Biomedical Animal Facility, Shenton Park under UWA animal
ethics following institutional guidelines (Reference RA3/100/593).
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3.2.2 Immunisations
Polyclonal Antibody (pAb) production: Lyophilised crude venoms were reconstituted in
physiological saline at 1 to 2mg/ml and between 80 to 400ug of venom was emulsified
with an equal volume of Compete Freund‟s Adjuvant (CFA) and injected
subcutaneously (S/C) into multiple sites on hind legs in New Zealand white rabbits.
Each rabbit was injected with venom from one snake species at sub lethal doses
calculated from published LD50 values in mice. Four weeks after the first injection,
rabbits were boosted with the same concentration in Incomplete Freund‟s Adjuvant
(IFA). 10 to 20mL blood was collected from each rabbit 2 weeks post IFA boost.
Rabbits were then boosted with venom in aqueous solution every 4 weeks, with bleeds
taken 2 weeks after each injection. The presence of reactive anti-venom antibodies was
tested by indirect ELISA with the respective venom used as coating antigen. Cross
reactivity was assessed by screening on a panel of venoms.

Monoclonal Antibody (mAb) production: Lyophilised crude P. textilis venom was
reconstituted in physiological saline to 1mg/ml. For one experiment (Table 3.1), venom
was heat inactivated (HI) at 80˚C for 15 minutes. For anti-tiger snake antibodies: 10g
each of Na, Ns, Hs and Tc venoms were run on a 15% SDS-PAGE, after staining and
destaining, selected bands were excised, emulsified and processed as for Ptv venom.
Several strains of mice were used; BALB/c, A/J, CBA and C57BL/6, with 2 of each
strain for Ptv groups and 2 mice total for each of the tiger snake group antigens (Table
4.1). Each mouse was immunized with 1µg of crude venom, HI venom or emulsified gel
bands in CFA S/C. 6 weeks later, mice were immunized with the same venom dose in
IFA. 2 weeks post IFA injections, mice were bled and reactivity of antiserum against
respective venoms was tested by indirect ELISA and Western Blot. Four weeks after
IFA injection, mice were boosted with aqueous venoms S/C and a further bleed 2 weeks
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later taken and tested. For all bleeds, blood was allowed to clot for a minimum of 1 hr at
4˚C and then centrifuged at 3000rpm for 10 minutes. Serum was then transferred to a
fresh tube and stored at -20˚C until required.

In total, 20 mice were used to develop monoclonal antibodies reactive to P.textilis,
N.ater, N.scutatus and T.carinatus venom components and 14 Rabbits to produce
polyclonal antibodies to whole venoms and purified prothrombin activators from
P.textilis, N.scutatus and O.scutellatus venoms. The number and species of animal/s
utilized for each antigen group is summarised in Table 3.1.

Table 3.1: Summary of animals utilized for antibody production
Species

Experiment
name

Strain

Number

Balb/c
C57/BL/6
A/J
Balb/c
C57/BL/6
A/J

2
2
2
2
2
2

C57/BL/6

2

Antigen

Mouse

Ptv

Mouse

HI Ptv

Mouse

Na18

Mouse

Ns17/80

CBA
A/J

1
1

Mouse

Hs28/60

C57/BL/6

2

Mouse

Tc25/220

CBA
A/J

Ptv

1
1
2

Pts

1

P.textilis venom
P.textilis serum

Nav

1

N.ater niger venom

Nsv

1

N.scutatus venom

Hsv

1

H.stephensii venom

Rabbit

Tcv

NZ White

P.textilis venom

Heat Inactivated (HI) P.textilis
venom
Bands from N.ater niger venom.
(MW 15kDa)
Bands from N.scutatus venom
(MW 17 and 18kDa).
Bands from H.stephensii venom
(MW 28 and 60 KDa)
Bands from T.carinatus venom
(MW 25 and 220kDa)

1

T.carinatus venom

Osv

1

O.scutellatus venom

Rvv

1

Russell's Viper venom

PtPA

1

Purified PtPA venom

NsPA

1

Purified NsPA venom

OsPA

1

Purified OsPA venom
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3.2.3 Hybridoma Production
Generation of hybridomas was performed according to guidelines of the National
Health and Medical Research Council (NHMRC) [242]. In brief, five days prior to
fusion, one mouse from each group, previously tested to have a high serum antibody
titre was boosted with venom in physiological saline. On fusion day, mice were culled
and spleens removed into sterile DMEM with added P/S. Blood samples were also
collected. Spleens were teased out through a fine sieve in cold DMEM + P/S and
washed once in warm DMEM + P/S. Sp2/0 cells (fusion partner, [243]) were grown to
70% confluency and harvested, washed thrice in warm DMEM + P/S, counted and
viability assessed. 5 x 107 Sp2/0 cells were used to fuse with each mouse spleen at a
viability of at least 98%. Splenocytes and Sp2/0 cells were pooled and centrifuged at
2500rpm and fused with PEG1500 diluted with warm DMEM. Fused cells were
resuspended in HSFM containing 10% FCS, P/S, IL-6 conditioned medium (prepared
in-house) and HAT supplement (Gibco), plated into 5 x 96 well flat bottom tissue
culture plates (BD, USA) and incubated for 5 days at 37˚C in 10% CO2. On day 5 and
every 2nd day subsequently, cells were fed by the removal of half the media and
replacement with fresh media. On day 10, supernatants from each well were screened
for the presence of anti-P.textilis or anti-Notechis sp. venom antibodies by indirect
ELISA.

Cloning: Positive subclones were expanded and retested against various venoms to
select for those that were cross reactive or specific depending on the end point assay
requirements. After each screen, hybridomas were frozen in 90% FCS with 10% DMSO
and stored at -80˚C or liquid nitrogen until required later. Hybridomas secreting
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antibodies to desired venom components were identified, each was cloned by limiting
dilution.

Isotyping: Supernatants secreted by the selected hybridoma clones were subjected to an
ELISA based mouse antibody isotyping kit (Invitrogen) to identify IgG isotype.

3.2.4 Indirect ELISA for the presence of anti-snake antibodies
Polyvinylchloride (PVC) micro-titre plates (Costar) were coated with 50μl of respective
crude venom (5μg/ml) per well in coating buffer (0.1M carbonate buffer, pH 9.7)
overnight at 4˚C. After washing three times in wash buffer (PBS, pH 7.3 containing
0.05% Tween20), wells were blocked with 200μl blocking solution (2% BSA in PBS)
for 1 hour at room temperature. After one wash, 50μl of suitably diluted rabbit/ mouse
serum or culture supernatant in sample buffer (0.1% BSA in PBS pH 7.3) was
transferred to each well and incubated for 1 hour at room temperature. Plate/s were
washed three times followed by the addition of 50μl/ well relevant secondary HRPconjugated antibody to detect the bound anti-snake venom antibodies. Enzymatic
activity was measured with the addition of peroxide substrate solution (50μl / well of
5% ABTS and 0.001% hydrogen peroxide in 0.01M citrate buffer, pH 4.5). Activity
was assessed after 15 mins of development time where absorbance was measured at
405nm with Victor 3 microplate reader (Perkin Elmer).

3.2.5 Immunblot Analysis
Venoms of the relevant snake species were treated with SDS-PAGE sample buffer
under both reducing or non-reducing conditions and resolved on a 15% (w/v) SDS
polyacrylamide gel [244]. Gels were either silver stained or transferred to nitrocellulose
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membrane using the BioRad wet transfer system. The membranes were then blocked
with 5% skim milk powder (SMP) in TBST (Tris-buffered saline, pH 7.6 containing
0.05% Tween-20), overnight at 4˚C. After a brief wash in TBST, membranes were
incubated with suitably diluted antiserum, purified rabbit IgG or culture supernatant in
5% SMP/TBST and incubated for 1hr at room temperature or overnight at 4˚C with
gentle shaking.

Membranes were washed three times (15 minutes each) with TBST followed by
incubation with appropriate secondary antibody (HRP-labelled sheep anti-rabbit IgG or
anti-mouse IgG). Following a 1 hr incubation at room temperature, the membranes were
again washed x 3 with TBST before being developed with Western Blot
Chemiluminescence Reagent PLUS (Perkin Elmer) and exposed to Kodak film for
varying times for optimal exposure. The resultant autoradiographs were scanned with an
HP Photosmart and analysed with Quantity One software (BioRad Laboratories).

3.2.6 Antibody Purification
Rabbit Polyclonal Antibodies: Rabbit serum samples from hyper-immunised rabbits,
with antibody titres higher than 50,000 as determined by ELISA were subjected to
antibody purification. Sera from rabbits immunized with the following were purified;
Ptv, Nav, Nsv, Tcv, Hsv, Osv, Rvv, PtPA, NsPA and OsPA. Serum was diluted 1:5 in
PBS and sterile filtered.
Mouse Monoclonal Antibodies: Selected hybridomas were expanded into Hybridoma
Serum Free Media (HSFM) containing 1% Foetal Calf Serum, P/S and IL/6. Cells were
allowed to overgrow, and then antibody-rich supernatant was harvested and sterile
filtered.
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Purification of IgG
Supernatants and diluted sera were then purified by affinity purification over a
Sepharose-Protein G column using a BioRad BioLogic liquid chromatography system.
Upon elution of IgG antibodies using 0.1M glycine, pH 2.7, fractions containing IgG as
determined by measurement of optical density at 280nm, were immediately neutralised
with 2M Tris and dialysed against PBS for 24hrs. Purified antibodies were concentrated
using Spin columns with a 50KDa MWCO (Amicon Ultra) to the desired concentration,
sterile filtered, aliquoted and stored at -80˚C for later experimentation.

3.2.7 Biotinylation of Purified antibodies
Antibody-biotin conjugations were carried out using the EZ-Link Biotinylation kit
(Pierce) using Sulfo-NHS-LC Biotin reaction system as described by the manufacturer.
In brief, 1-2mg of purified rabbit polyclonal IgG or mouse monoclonal IgG in PBS were
incubated with a 20 fold molar excess of 10mM Sulfo-NHS-Biotin. Incubations were
for 1hr on ice or 2 hrs at room temperature followed by extensive dialysis against PBS
to remove free Biotin. Success of biotinylation of each antibody was assessed by ELISA
and WB against respective venoms using Streptavidin-HRP as the detecting agent.

3.2.8 Mass Spectrometry (MS) Analysis of venom components
The specific molecular reactivity of the mAbs was determined using MS analysis of
venom samples, identified by WB or immunoprecipitation. Western blots were run
concurrently with standard SDS-PAGE analysis of venoms. Venom bands from the
silver stained gel, corresponding to those reactive with mAbs were excised and
transferred to sterile eppendorf tubes. Each gel band was given a sample number and
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rigidly documented. Bands were submitted to Proteomics International (PI) who
processed the samples for a fee.

In brief, PI destained, reduced and alkylated samples followed by digestion of proteins
with trypsin. Peptides were extracted according to standard techniques [245]. Peptides
were then analysed by electrospray ionisation mass spectrometry (ESI-MS) using the
Ultimate 3000 nano HPLC system [Dionex] coupled to a 4000 Q TRAP mass
spectrometer [Applied Biosystems]. Digested peptides were loaded onto a C18
PepMap100, 3 mm [LC Packings] and separated with a linear gradient of
water/acetonitrile/0.1% formic acid (v/v). Spectra were analysed to identify proteins of
interest using Mascot sequence matching software [Matrix Science] with The Ludwig
NR Database. Results were analysed based on a probability based Mowse score system.
Data was analysed, collated and related back to gel bands.

3.2.9 Immunoprecipitation
Protein G-Dynabeads (Invitrogen) were washed with 3 volumes of PBS, then 30L of
the bead suspension was incubated with 70ug of each mAb or irrelevant control mouse
mAb, for 1hr at room temperature followed by centrifugation at 10,000rpm. Supernatant
was removed and dynabeads washed three times in citrate buffer, pH 5.0 and twice with
fresh Ethanolamine (0.2M, pH 8.2). Bound antibodies were then cross-linked to
dynabead-Protein G matrix by incubation with 160L of 20mM DMP in ethanolamine
for 30 minutes at 20˚C with gentle mixing (450rpm).

The supernatant was removed and the reaction stopped by the addition of 1mL of Tris
buffer (50mM, pH 7.5). The bead/antibody complex was washed three times with PBS
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containing 0.05% T20. 100ug of respective venom was added to each tube and a
combination of venoms added to the control antibody reaction, each to a total volume of
100L. Venom and antibodies were incubated for 1 hr or overnight on a rotator at 4˚C.
The unbound proteins (contained in the supernatant) were harvested and labelled,
„depleted venom‟. The beads were then washed 3 three times (once with T20/PBS and 2
x PBS). Bound venom components were eluted with 0.1M Glycine, pH 2.7 and
promptly neutralised with 2M Tris. Crude venoms, depleted venoms and eluted
fractions (under non-reducing and reducing conditions) were run on 15% SDS-PAGE
and silver stained.

3.2.10 Species specific (ss) pAb purification
Anti-Nsv and anti-Tcv pAbs were prepared as described previously (3.2). To increase
specificity of these preparations they were further purified by depletion affinity
chromatography, summarised in Figure 3.1. Briefly, 10mg of Nsv and Tcv were
reconstituted in coupling buffer (0.1M Sodium bicarbonate, pH 8.3, 0.5M NaCl).
Meanwhile, 2g CNBr Activated Sepharose fast flow beads (GE Healthcare) were
swollen in 1mM HCl for 30 mins, followed by four washes with HCl and a final wash
in coupling buffer. Beads were then incubated with either Nsv or Tcv overnight at 4˚C
on rotator. The degree of conjugation was assessed by measuring the optical density at
280nm of the supernatant at various time points. Once >90% binding was achieved, the
beads were blocked for 1hr at room temperature with 0.1M Tris HCl, pH 8. Each
column was then subjected to three alternating pH washes using low (0.1M Acetate
buffer, 0.8M NaCl, pH 3.5) and high (0.1M Tris, 0.5M NaCl, pH 8.5) pH buffers with
three final washes in phosphate buffer, pH 7.3. The columns were stored in PBS with
0.1% azide until required.
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Anti-Tcv raised purified rabbit IgG was run over the Nsv column and anti-Nsv purified
rabbit IgG run over the Tcv column. IgG which did not bind to the venom columns were
collected and renamed „species specific‟, ssTcv and ssNsv respectively. Bound
antibodies were eluted with 0.1M glycine, pH 3.4, neutralised with 2M Tris, pH 8 and
dialysed against PBS for 24 hours. Eluted antibodies were named „cross reactive‟ crTcV and -crNsV. Efficacies of the purifications were assessed by WB analysis and sspAbs were then biotinylated as described in 3.2.7.
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Anti-NsV IgG

Nsv-Sepharose

Tcv-Sepharose

Anti-TcV IgG

Unbound
fraction

Unbound
fraction

(ss) Anti-TcV IgG

Eluted
fractions

(cr) Anti-TcV IgG

(ss) Anti-NsV IgG

(cr) Anti Nsv IgG

Figure 3.1: Schematic of species specific IgG production. Rabbit raised, Protein-G
Sepharose purified anti-Tcv and –Nsv IgG were run over Nsv and Tcv-Sepharose
columns respectively. Unbound fraction was collected and renamed species specific (ss)
and bound fraction eluted with 0.1M Glycine and renamed cross-reactive (cr).
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3.3 Results
Low dose immunizations were performed with the use of Freund‟s adjuvant. Low doses
were necessary to minimise adverse reactions and systemic effects in mice and prevent
any deaths. HI venom was also used to see if reactive hybridomas could be obtained
using denatured toxins. This may allow higher doses to be administered, with possibility
of higher titres of antibody for future studies, but this was not seen to be the case.
Screens of sera from immunized mice showed reactivity to both high and low venom
components by WB (Figure 3.3). A summary of titres achieved for all experimental
animals for antibody production is presented in Appendices 3.1 and 3.2. As can be seen
in Appendix 3.1, comparing the second bleeds, mouse serum antibody titres to venoms
ranged from 1:3200 to over 1:50,000. Generally, all animals made a significant antibody
response to venoms, despite the relatively low doses required due to toxicity.
Interestingly, significant differences in antibody titre within mouse strains to the same
dose of venom were observed. After the 1st bleed, mouse #1 had a titre of 1:2700
whereas mouse #2 had a titre of 1:24,300. However, titres from the second bleeds were
more uniform within groups, and to some extent between groups, for example; #1 and
#2 anti-Ptv both with titres of 1:12,800. When comparing HI and native Ptv immunised
mice, 3/6 immunised with HI showed a low titre (1:900) after the second injection but
were comparable to the others in the Ptv group after the third injection. One mouse (HI
Ptv1) responded poorly to HI Ptv even after a third injection (1:3,200).

As seen in Appendix 3.2, all rabbits produced high titre antibody responses to their
respective venom. The weak response to Rvv (Rb#25) was most likely due to the
insoluble freeze dried preparation used for immunisation and subsequent low doses
administered. After 5 injections, rabbits #16 and 17 (Dav immunised) showed serum
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antibody titres of approximately 1:50,000. Antibody titres against this venom appeared
to plateau after 3 venom injections. Rabbits #18 and #19, immunised against Ptv,
showed serum antibody titres of 1:5,900 in the first bleed which increased to 1:145,000
following the 5th injection. Animals immunised with Nsv (Rb#24), Hsv (Rb#22), Tcv
(Rb#23) and Osv (Rb#26) showed strong reactivity after only 2 injections with serum
Ab titres by ELISA of 1:409,000. The Nav immunised rabbit showed a weaker, but still
high response, with a serum Ab titre of 1:51,200. Similarly, antisera generated in
response to the purified PtPA, NsPA and OsPA showed lower initial serum Ab titres of
1:25,600, 1:51,200 and 1:25,600 respectively.

3.3.1 Antibody production
Sera from immunised mice and rabbits were analysed by ELISA and WB. It is also
pertinent to note here that venoms are complex mixtures and not all components would
bind to assay plates uniformly, some not at all. Resultant selected mice and mAb clones
would therefore be biased to those that adhere to the PVC microtitre plates.

Mice with the highest antibody titres were selected for fusion. In 2 cases, spleens with
similar titres and molecular reactivity were pooled for fusions (Figure 3.2, Appendix
3.1). In total, 13 mouse spleens were used for hybridoma production. Over 450
positively reactive mouse hybridoma lines secreting specific antibodies resulted. Each
was then further characterised to determine molecular reactivity. This valuable band of
hybridomas has been frozen down in liquid nitrogen so that all characterised and those
not yet characterised mAbs are available for future analysis.

92

A.

B.

Figure 3.2 Mouse serum antibody titres against crude and heat- inactivated
(HI) P.textilis venom by ELISA. A. Mouse immunised with crude Ptv and B.
Mice immunised with HI Ptv. Microtitre plates coated at 5ug/ml Ptv in 0.1M
Carbonate buffer and serum titrated 2 fold in BSA/PBS. Reactive serum antibodies
were detected with anti-mouse Ig HRP.

There appeared to be some differences in the reactivity of antiserum from mice
receiving crude Ptv versus those receiving HI venom. Although there were no
significant differences in antibody titres to whole venom by ELISA (Figure 3.2), HI
venom recipients (Figure 3.3B) failed to recognise all venom components well by WB
analysis as those immunized with native venom (Figure 3.3A). Although HI immunised
mice recognised some HMW bands, others appear to be missing, illustrated in Figure
3.3B, lane 1. The corresponding silver stain in Figure 3.3D illustrates the absence of
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HMW bands (>181kDa) after heat inactivation, which explains why HI mice don‟t
recognise them.
MW
(kDa)
181
115
82

48
37

A. i.

Ii.

B. i.

ii.

iii.

C.

D. i.

ii.

26

Figure 3.3 Western Blot reactivity of mouse sera against crude and HI
P.textilis venom. Ptv (left lane of each panel) and Heat inactivated Ptv (right lane
of each panel) A-C, proteins transferred to nitrocellulose and blotted with mouse
sera at a dilution of 1/2500, A. i. Ptv mouse #1, ii. Ptv mouse # 2, B. i. HI Ptv
mouse #2, ii. HI Ptv mouse #3, iii. HI Ptv mouse #4, C. Normal mouse serum. D.
Silver stained i. Crude Ptv and ii. HI venom.

To differentiate between the tiger snake group, each of these venoms (Na, Ns, Hs and
Tc) were separated by SDS-PAGE. Bands were selected for immunisation if they
appeared to be specific to that venom, based on size and the current literature. Mice
immunised with Na18 (n=2), Hs28/60 (n=2) and Tc25/220 (n=1) venom isolated from
excised gel bands produced highly specific antibody responses when tested by WB
(Figure 3.4 A to D and F). In panels A and B, it can be seen that one mouse immunised
with Nav18 reacted with a low molecular weight component in Na venom and the
related Ns venom, but not significantly with venoms from Hs or Tc. In Figure 3.4,
panels C and D, serum from Hs28/60 immunised mice reacted only with toxins from
Hsv and not significantly with venoms from Na, Ns or Tc. In panel E, although weakly
detected, serum against Tc25/220 showed high specificity for LMW components of
Tcv. However, mice immunised with Ns17/80 venom bands showed cross-reactivity
with components in all 4 venoms (Figure 3.4, E) and were therefore not species specific
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and were not used for fusion. Although high specificity was obtained by WB, each
showed some cross-reactivity when tested by ELISA onto the various venoms (Figure
3.5). When capturing serum antibodies with Nav and Nsv (Figure 3.5 A and B), binding
was observed from mice immunised with Na, Ns and Tc bands with cross reactivity
defined as Na2 > Ns2 > Tc1 > Na1. In panel A, when capturing serum antibodies with
Nav, reactivities were lower than on the other venom. Similarly, when detecting serum
Abs with Tcv (Panel D), the strongest cross reactions were seen between Na and Ns
immunised mice, defined as Ns2 > Na2 > Tc1 > Na1. In Figure 3.5C, when detecting
anti-venom antibodies with Hsv, the greatest specificity was observed with only
moderate cross reactivity with mice immunised against Ns and Tc gel bands. Antisera
against Hsv venom bands showed the greatest species specificity. These results suggest
that although these mice were immunised with denatured (SDS gel) venom proteins,
they recognised epitopes in native proteins, presumably linear epitopes in the closely
related snake venoms. They appeared to maintain their specificity when detecting
venom in a WB format (Figure 3.4).

Figure 3.4 Western Blot reactivity of species-specific mouse antisera.

N.ater (Na),

N.scutatus (Ns), H.stephensii (Hs) and T.carinatus (Tc) whole venoms run on 15% SDS-PAGE
(10µg/lane), transferred to nitrocellulose and probed with mouse antisera. Mice immunised with
SDS-PAGE isolated bands. A. Nav18, BL/6 #1, B. Nav18, BL/6 #2, C. Hsv 28/60, BL/6 #1, D.
Hsv 28/60, BL/6 #2, E. Nsv 17/18, CBA #2 and F. Tcv 25, CBA #1.
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A.

B.

C.

D.

Figure 3.5 ELISA reactivity of species-specific mouse antisera. Microtitre plates coated with
A. N.ater venom, B. N.scutatus venom, C. H.stephensii and D. T.carinatus venom. Sera were
from mice immunised with SDS-PAGE isolated gel bands.
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After each fusion, all positive hybridomas were tested by indirect ELISA. These were
all completed initially on homologous venoms, then heterologous venom followed by
individual components. For the screening of the anti-Ptv mAbs onto individual
components, Ptv was separated (by spinning through 50kDa cut off spin concentrator)
into high (HMW) and low (LMW) molecular weight components under both reducing
and non-reducing conditions. Supernatants were screened on HMW and LMW venom
as well as onto commercially purchased purified PtPA (Venom Supplies), data not
shown. Anti-tiger snake mAbs were screened on respective venom as well as venoms
from other tiger snake group members to identify those with specificity for a single
species. Once positive lines were identified, supernatants were tested by WB analysis to
identify which component/s each antibody recognised. Positive mAbs were cloned and
then subject to several rounds of ELISA and western blot screening. During this
process, some strongly positively clones were excluded because they were not
functional in a western blot assay as the molecular reactivity could not be confirmed.

A summary of positives clones that resulted from each fusion can be seen in Table 3.2.
Nomenclature of resultant clones is based on 3 factors; (i) the venom the mouse was
immunized with: B (Ptv immunized) or H (HI Ptv immunized); (ii) clone number, based
on position on original fusion plate; (iii) the clone number. For example, clone B146.4
has resulted from a mouse immunized with crude Ptv, clone number 146 from that
particular fusion and is the fourth of 10 positives that resulted from limiting dilution
cloning.

97

Table 3.2: Summary of positive hybridomas obtained from 10 fusions.
Number of reactive clone
Fusion
number

Antigen

1

Ptv

#3

40

2

HI Ptv

#1

169

3

Ptv

#2

6

4

HI Ptv

#3

8

5

Ptv

#2 and #5

22

6

HI Ptv

#2 and #4

27

7

Hsv 28/60

#1

42

8

Hsv 28/60

#2

31

Nav 18

#1

Tcv 25/220

#1

9
10

Mouse
1st Screen

2nd Screen
40

Number
selected
and
cloned
10

14
3
36
8
12

-

14

7

2

26

5

3

Indicated are hybridomas that produce antibodies with moderate to strong reactivity to
respective venom as measured by ELISA. Mice from fusions 1-6 were immunised with
whole venoms, mice 7-10 with excised gel bands. Fusion numbers 5 and 6 used 2
pooled spleens for each fusion, all other fusions were from a single mouse spleen.

Antibodies were characterised by ELISA and Western Blotting. Both assays were
performed on all positively reacting subclones after each fusion, after each round of
cloning and after purification of resultant monoclonal antibodies to ensure reactivity
was maintained for further characterisation.

Rabbits immunized with crude venom and venom PAs showed strong reactivity by
ELISA and western blot after 4 venom injections (Appendix 3.2). Sera were pooled and
purified by protein-G affinity chromatography. The resultant polyclonal antibodies were
named rabbit anti-Nav, -Nsv, -Hsv, -Tcv, -Ptv, -Osv, -PtPA, -NsPA, OsPA IgG pAbs
after the venom or component each was raised against.
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3.3.2 Molecular Reactivity
Although ELISAs allow measurement of an antibody‟s reactivity to an intact antigen,
they do not allow identification of specific components, particularly in a crude mixture
of venom. Both Western blotting and mass spectrometry were therefore employed to
determine specific venom components shown to be the target antigens of the produced
mAbs and pAbs.

3.3.2.1 Polyclonal Antibody specificity
Significant cross reactivity was observed between crude rabbit antiserum and venoms
by Western blotting (See Figure 3.6). In Figure 3.6, a panel of venoms (Na, Ns, Hs, Tc,
Pt and Os) were resolved by SDS-PAGE then blotted and probed with rabbit antisera
(A) or purified IgG (B). The optimal concentration of purified IgG used was determined
by titrating each against respective venoms by ELISA and varied between 50 and
140ng/ml. This may have contributed to the overall reduction of signal. As can be seen,
total rabbit antisera reacted with a large number of venom components (5-200kDa). For
example, in A.(i and ii), rabbit anti-Nav and anti-Nsv reacted well with Nav and Nsv
but also with Ptv and to some extent with Hsv. In panel A.(iii), rabbit anti-Tcv reacted
strongly with Tcv but also with Nav, Nsv, Hsv, Ptv and Osv. In panel A.(iv), anti-Hsv
showed the greatest specificity reacting strongly with Hsv, and less strongly to the other
venoms tested. In all cases, the cross-reactivity was reduced when IgG was purified (B),
suggesting that cross-reactivity may result from other immunoglobulin isotypes (such as
IgM). After IgG purification, pAbs showed greater specificity for their respective
venom antigens, however, some cross-reactivity remained. In each case, a reduction in
binding was observed (Figure 3.6B.i to iv), particularly to the procoagulant components,
visible at ~50kDa in each of the venoms.
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The resultant pAbs reacted with all components (MW 5 to 200kDa), irrespective of
molecular size, although with varying intensities. All venom components, for
comparison, can be seen in the silver stained gel in Figure 3.6, panel C. Each pAb, in
Figure 3.6B can be seen to react with components of the prothrombinase complex (MW
50 to 150 kDa) and lower molecular weight compounds (MW 10 to 25 kDa) which
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O
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include neurotoxic and myotoxic components (to be discussed further in Chapter 5).

KDa
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(i )

(ii)

(iii)

(iv)

B.

181
115
82
64
49

37
26
19

(i )

(ii)

(iii)

(iv)

Figure 3.6 Western Blot reactivity of anti-snake pAbs against elapid snake venoms. Blots
incubated with: A. Rb antiserum diluted 1/10,000 or B. Purified Rb IgG at noted concentrations,
(i) Anti-Nav, IgG at 100ng/ml, (ii) Anti-Nsv, IgG at 140ng/ml, (iii) Anti-Tcv, IgG at 50ng/ml
and (iv) Anti-Hsv, IgG at 140ng/ml. C. 15% SDS-PAGE of venoms, silver stained. Na:
Notechis ater, Ns: N.scutatus, H: Hoplocephalus stephensii, T: Tropidechis carinatus, P:
Pseudonaja textilis, O: Oxyuranus scutellatus.
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3.3.2.2 Monoclonal Antibody Specificity
The specificity of each mAb was analysed by Western blot analysis and MS. One
antibody, B139.7 bound to purified PtPA and Ptv, under both reduced and non-reduced
conditions but did not recognise the protein by western blot (not shown). Three mAbs,
B16, B135 and B148 were found to bind strongly to Ptv molecules between 50 and 200
kDa (Figure 3.7, A-C), identified by MS analyses to be components of the large
procoagulant complex of Pt (PtPA), Pseutarin C (Appendix 3).

PtPA has been

previously shown to occur as a large complex of various isoforms. Under the denaturing
conditions of SDS-PAGE, PtPA separates into complexes visible as multiple bands of
molecular weight 100 to 180 kDa [6, 43]. MAb H238 recognised a single band at ~70
kDa and H123 detected a doublet at ~18 and 20 kDa (Figure 3.7, D & E respectively).

Os Pt

Os Pt

Os Pt

Os Pt

Os Pt

KDa
181
115
82
64
49

37
26

19

A.

B.

C.

D.

E.

Figure 3.7 Western Blot reactivity of anti-Ptv hybridoma clone supernatants. 10ug Ptv (Pt)
and Osv (Os) run on 15% SDS-PAGE, Transferred to nitrocellulose and probed with anti-Ptv
hybridomas clone supernatants (A) B16, (B) B135, (C) B148, (D) H238 and (E) H123 at 1:5 in
5% SMP/TBST, detected with anti-mouse IgG HRP.

MAbs B148.3 and B146.4 both reacted strongly, under native conditions (by ELISA)
and denaturing conditions (by WB) with components of PtPA. As can be seen in the
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WB analyses in Figure 3.8, both mAbs B148.3 (A) and B146.4 (B) reacted with PtPA
under both reducing and non-reducing conditions. The non-reduced product was visible
as bands between 70-180 and the reduced product observed as a predominant band at
~65kDa.
NR R

NR R

NR

R

NR R

KDa
181
115
82
64
49
37
29
19
15

A.

B.

C.

D.

Figure 3.8. Western Blot reactivity of anti-Ptv mAbs against Pt venom. 15ug/lane Ptv run on
15% SD-PAGE under reducing (R) or non-reducing (NR) conditions, transferred to
nitrocellulose and probed with MAb supernatant or serum. Blots incubated at 5ug/ml with: (A).
MAb B148.3 (B) MAb B146.4 (C) MAb B16 and (D) Antiserum raised against Ptv.

Before using these mAbs to develop detection assays for specific components,
immunoprecipitation reactions were performed to confirm ELISA and WB results and
ensure that these antibodies bound only targeted components from the complex mixture
of venom in solution. MAbs B148.3 and B146.4 both precipitated bands of ~100 and
80kDa molecular weight (Figure 3.9B and C, lane 3). MS analyses determined bands
P1, P2 and P3 (indicated in Figure 3.9, lane 4) to be Factor V-like components from
Ptv, which correspond to venom bands precipitated by these mAbs. The three protein
bands; at ~80, ~100kDa and a weaker band at ~35kDa from reduced PtPA (control, lane
4) were identified as protein sequences from PtPA. Appendix 4.3 summarises
MASCOT sequence results for each of the three bands, identified as being components
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of Pseutarin C; complexes of the FV-like and FXa-like venom components (also
referred to as Blood coagulation factor V and X2 respectively). MAb B16 (Figure 4.9A)
failed to precipitate any venom components and was eliminated from future analyses. If
this mAb cannot recognise venom proteins in solution, it is unlikely that it will
recognise them in the serum of patients.
A.
KDa

1

2

B.
3

1

2

C.
3

1

2
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220
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100
90

Pseutarin C (FV-like)

P2

Heavy chain IgG

70
50
P3

Pseutarin C (FX-like)
Light chain IgG

20
15
10

Figure 3.9 Immunopreciptation of Pt venom using anti-PtPA monoclonal
antibodies. MAb B16, B148.3 and B146.4 cross linked to Dynabeads-Protein G,
beads + venom incubated 1hr, venom components eluted with 0.1M Glycine pH 2.7.
Silver stained 15% SDS-PAGE of mAb (A) B16, (B) B148.3 and (C) B146.4 of mAb
depleted venom (1) and elutions under non-reducing (2) and reducing (3) conditions;
(4) Ptv under reducing conditions. Bands identified as P1, P2 and P3 submitted for MS
analysis and results indicated by arrows.

Purified mAbs identified as able to differentiate between the tiger snake group venoms
showed strong reactivity to N.ater niger, N.scutatus venoms and T.carinatus venom by
both ELISA (data not shown) and WB analyses (Figure 3.10). As expected, mAb 25.8,
raised against a Nav gel band (Nav18) reacted with low molecular weight components
from venoms of the Notechis species, N.ater niger and N.scutatus. This mAb did not
react with venoms of the less closely related species H.stephensii, T.carinatus, P.textilis
and O.scutellatus (Figure 3.10A). MAb 4E4.9, raised against Tc25/220 was found to be
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reactive to a low molecular weight component of Tcv alone and not with components of
the other venoms tested (Figure 3.10B). Although immunised with Tc25/220, the
hybridoma clone selected showed reactivity only to the LMW Tcv component. MS
analysis of corresponding silver stained bands (indicated by arrows in Figure 3.10)
identified the bands as notexin (mAb 25.8, bands N1 and N2) and a phospholipase from
Tcv (mAb 4E4.9, band T1). A summary of matching peptides identified by the
MASCOT search are listed in Appendix 3.4. In contrast to rabbit pAbs, the mouse
mAbs displayed excellent specificity to their respective target venoms in both direct
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64
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N2

26
N1
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Neurotoxin
Notexin,
PLA2
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Figure 3.10 Western Blot reactivity of anti-Nv and -Tcv mAbs against Australian
elapid venoms. Blots incubated with: (A). MAb 25.8 (B) MAb 4E4.9. Venom resolved
by SDS-PAGE under non-reducing conditions. Na; N.ater niger, Ns: N.scutatus, Hs:
H.stephensii, Tc: T.carinatus, Pt: P.textilis, Os: O.scutellatus. Bands N1, N2 and T1
excised and submitted for MS analysis. MS results indicated by arrows.

3.3.3 Specificity of ss pAbs selected for assay development
The specificity and cross-reactivity of the rabbit antisera, purified IgG and affinity
cross-purified cr (cross reactive IgG) and ss (species specific IgG) were compared by
ELISA (not shown) and WB (Figure 3.11). The specificity of affinity purified antissTcv and anti-ssNsv was markedly increased after removal of cross reactive IgG
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antibodies. However, reactivity was lost to certain components. Anti-crTcv bound both
a 50kDa and ~25kDa protein from Tcv but also ~50kDa band in Na and Ns and a
~65kDa band in Hsv (Figure 3.11A). Upon cross-purification, reactivity to the 25kDa
band was lost (Figure 3.11B) as well as reactivity to Hsv. There was however, residual
cross-reactivity with Na and Ns venoms. Similarly, upon removal of cross-reactive IgG
against Tcv, to produce the anti-ssNsv IgG, reactivity was markedly restricted to the
protein band at ~23kDa and almost completely depleted for proteins in the closely
related Nav (Figure 3.11, C to D). Panel E gives an indication of the variety of
components in the venom samples, probed with pooled crude rabbit IgG against each
species. Once biotinylated, the sspAb preparations were tested at various dilutions to
determine optimal working concentrations, which ranged between 0.8 to 5g/ml for
further assay development.

Na Ns Tc Hs

Na Ns Tc Hs

Na Ns Tc Hs

Na Ns Tc Hs

Na Ns Tc Hs
KDa
181
115
82
64
49

37
26
19

A.

B.

C.

D.

E.

Figure 3.11: Western blot reactivity of affinity purified anti-Nsv and anti-Tcv
(cross-reactive - cr and species specific - ss). 10g/well N.ater niger, N.scutatus,
T.carinatus and H.stephensii crude venoms run on 15% SDS-PAGE under nonreducing condition, transferred to nitrocellulose and probed with 5ug/ml of A. anticrTcv, B. anti-ssTcv, C. anti-crNsV D. anti-ssNsv and E. Crude IgG against all
species.
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3.5 Discussion
The objective of this work was to develop a panel of mAb and pAbs reactive to various
Australian elapid venoms and individual clinically relevant toxins, namely P.textilis
prothrombin activator (PtPA) and Notexin. The specific aim was to generate antibodies
capable of detecting and in some cases differentiating each of the venoms of interest in
patient serum. This has been successfully achieved with a total of 9 pAbs and more than
20 mAbs characterised for DELFIA development.

A number of immunization protocols have been recommended for the production of
antibodies against snake venoms [125, 246]. Protocols have been devised to overcome
various issues relating to the variations in the immunogenicity and toxicities of venom
proteins. Standard protocols for antibody production in our laboratory involve antigen
doses of 50µg/mouse and 300µg/rabbit per injection. Due to the high toxicity of the
target venoms, it was deemed unethical to inject large doses of venom (as immunogen)
into the animals. All animals were carefully monitored for adverse reactions with none
observed. In this work, mice immunised with Ptv or HI Ptv received a dose of
1ug/injection (sub lethal) and rabbits received only 80µg/injection S/C, with the first
dose emulsified in CFA (Day 1), the second in IFA (Day 28 to 30) and all subsequent
boosts (at 4 week intervals) in saline. The dose of Ptv administered was based on a
LD50 value in mice of 0.053mg/kg [5]. HI Ptv was employed to assess whether this
possibly less toxic (inactivated) preparation induces an immune response comparable to
native crude venom allowing for larger doses to be administered. Serum antibody titres
from both groups of Ptv immunised mice, given the same venom dose did not differ
significantly, both reaching similar titres after 3 injections (Appendix 3.1). Anti-tiger
snake immunised mice also received low doses in the form of denatured venom bands.

106

Similarly, rabbits received doses based on previously defined crude venom toxicities [5]
and ranged between 50µg (for PtPA, OsPA and NsPA) and 250µg (for Tcv and Hsv).
Despite being a low dose, each of the venoms showed a high degree of antigenicity as
serum conversion reached high titres (1:3200 to 1:102,400) in mice after 2 injections
and (1:50,000 to 1:180,000) after only 4 injections in rabbits (Appendix 3.1 and 3.2).
This compares favourably to titres seen in the laboratory to a range of non-venom
antigens, administered at higher doses.

Generally, smaller proteins are less immunogenic [247], particularly in a complex
mixture of larger proteins, as found in snake venoms [172]. However, immunoblots
revealed reactivity to venom components covering a broad molecular weight range,
between 5 and 200kDa. In each of the venoms tested, reactivity was seen to each of the
procoagulant (50 to 180kDa) myotoxic and neurotoxic (LMW) components (~5 to
25kDa) (Figures 3.3 and 3.6) [6, 43, 165]. The fact that high titred antibodies were
generated using low

venom

doses combined with

adjuvant indicates the

immunogenicity of the venom toxins and the efficacy of Freund‟s adjuvant in
stimulating a strong immune response. This study has therefore successfully produced
high titred antibodies that recognise clinically relevant toxins in 6 Australian elapid
venoms with a low dose adjuvant immunisation protocol.

Due to the different end-requirements for this panel of antibodies (Immunoassay
development, western blot for characterisation and IHC, immunoprecipitation, as well
as specificity and cross-reactivity), screening strategies were designed to promote or
eliminate cross-reactivity. ELISA was useful in evaluating antibody reactivity to whole
venoms and the degree of cross reactivity between antibodies and the panel of elapid
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venoms. On the other hand, Western Blot analysis (coupled to MS) studies enabled the
visualization and identification of targeted antigens. Antibodies were selected on their
ability to bind to native protein in venom immunoassays, detect denatured venom
components in western blot analyses as well as venom components in frozen tissue
sections. Screening strategies were designed to be thorough, relatively quick and
included screening clones in multiple assays onto numerous venoms.

From over 350 positive mAb clones to Ptv, Hsv, Tcv and Nav, 114 were partially
characterised and 26 cloned, purified and conjugated to biotin for assay development.
Twenty one of these are reactive to various components of Ptv, 2 to Notexin and 3 to a
phospholipase A2 from Tcv (Table 3.2). Interestingly, 12/21 mAbs directed against Ptv
originated from HI immunised mice (Table 3.2), where the protein antigens were in a
denatured state (Figure 3.3Dii). This suggests that even though immunised with
denatured toxins, the mouse still recognises antigenic epitopes on toxin molecules that
are exposed in their native state (at pH 9.7) on an ELISA plate as well as linear epitopes
by Western Blot (Figure 3.7). This confirms that reactive antibodies can be generated
against denatured venom toxins. Some antibodies recognise their target epitopes in a
conformational dependent manner and the conformation of the toxins can be altered by
a number of mechanisms such as protein-protein interactions, temperature, pH,
posttranslational modifications, salt concentrations and fixation [248]. From experience,
the difference is reactivity of antibodies to native and denatured proteins is more
apparent when using mAbs as compared to pAbs. This may be due to the greater
specificity of mAbs, having a single epitope as opposed to pAbs having multiple
epitope/s. Conformational changes may not influence all epitopes to the same extent
and so for pAbs, it is more likely they detect epitopes in various conditions.
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A total of 11 pAbs and 2 species-specific pAbs were also generated (Appendix 3.3 and
Figure 3.11). As expected, the resultant mouse mAbs showed greater specificity for
their respective target antigen in comparison to rabbit pAbs, which bind a number of
toxins with varying levels of intensity (Figures 3.6 to 8). MAbs exhibit specificity for a
single epitope and as the antigen is presented by a single B lymphocyte clone in the
mouse, the resultant mAb shows specificity for a region of the antigen responsible for
specific antibody/antigen interactions [248]. On the other hand, the polyclonal antibody
response is generated by immunisation with a complex mixture of antigens (venom
proteins). Thus a large number of lymphocytes may be stimulated to produce antibodies
to a range of antigens. Each lymphocyte has specificity for a different epitope giving
rise to the serum pAbs recognising multiple epitopes in different toxins. As seen in this
work, antibodies with high specificity (mAbs and sspAbs) resulted in lower levels of
cross-reactivity (e.g.: Figure 3.10). As illustrated in Figure 3.11, crude polyclonal
antibodies recognise a range of toxins (Panel E), however, upon removal of crossreactive components (and therefore epitopes), the specificity of these antibodies were
markedly improved (Figure 3.11 B and D).

The reduction in cross-reactivity seen upon purification of IgG from rabbit antiserum
(Figure 3.6) may be a result of antibody isotypes such as IgM, IgA and IgE antibodies
present in the serum but not in the purified IgG product. There are thought to be three
kinds of antibody response, distinguished by their time course and antibody isotype
composition. The first, most rapid response is a T-cell independent (TI) antibody
response, where B cells respond to the infectious agents without the aid of T cells. This
response can appear within hours of infection and includes IgM and secretory IgA may
also be present [249]. The second response is T-cell dependent (TD) and involves the
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clonal expansion of both antigen-specific T and B cells. This occurs within 3 to 4 days
post infection and involves the production of predominantly IgM, generally with low
affinity for their antigen. Some IgG is also produced in this response, and it has been
noted that for selected anti-viral antibodies, these early IgG clones are effective at
neutralisation [249]. The third response is the germinal centre reaction, which results in
dynamic B cell proliferation and takes 1 to 3 weeks to fully develop. During this
response, IgG, IgA and/or IgE antibodies are produced with higher affinity for their
antigens. Cells producing these antibodies are called long-lived plasma cells and can
continue producing antibodies for months and years [249]. In this case, serum was
collected after 3-5 months and based on what is known about immunoglobulin isotypes
present at various time intervals, it is possible that IgM, IgA or IgE contributed to high
level of cross reactivity seen prior to IgG purification. IgM antibodies also tend to be
„sticky‟, as seen in laboratory experiments. From experiments in mAb production, this
work has seen the persistence of IgM even in long term immunised animals. In addition,
some antigens may only induce a TI IgM response in animals, some of which may be
present in mixtures such as venoms.

Using Mass spectrometry the molecular reactivity of mAbs B146.4, B148.3, 25.8 and
4E4.9 was further defined. MAb 25.8 was shown to recognise a ~15kDa band of Nav
and a ~20kDa band of Nsv (Figure 3.10A) with MS analyses identifying these bands as
Notexin, a myotoxic and neurotoxic component of the tiger snake venoms. Similarly,
mAb 4E4.9 bound a ~15kDa molecule of Tcv (Figure 3.10B), shown by MS to be a
PLA2 molecule (Appendix 3.4). MAbs characterised against PtPA (B146.4 and B148.3)
detected the larger, FV molecule. This molecule has a molecular weight of 180kDa or
greater, compared to approximately 50kDa for the FX like subunit. The bias of
antibodies generated to the FV-like subunit may be due to its larger size giving it greater
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immunogenicity, favouring epitopes in this molecule exposed on the ELISA plate or
may have occurred by chance. MAbs B148.3, B139.7, B146.4 and B16, selected for
PtPA detection have been shown to detect epitopes in the FVa-like protein of the
prothrombinase complex (Figure 3.8). Birrell et al., (2006) [6] identified components of
the PtPA complex at 55 to 66, 100 and 150kDa (FVa-like protein), 35 to 40 kDa (FXalike protease) and 20 to 27kDa (Gla residues). Both the FVa- and FXa-like proteins
resolved in a series of horizontal spots representing isoform variation within these
proteins. B148.3, B146.4 and B16 all recognised a series of HMW protein bands (65 to
150kDa) representing epitopes in the various FVa-like isoforms by Western Blot
(Figure 3.8), confirmed by MS.

MAbs B148.3 and B146.4 detected PtPA with a similar recognition pattern to each
other suggesting they recognise to the same (or nearby) epitopes. By WB analysis they
recognised bands under both non reducing (~55 and 120 to 150kDa) and a predominant
~65kDa band under reducing conditions (Figure 3.8) and immune-precipitated the same
venom toxins, visible with bands at 35, 65 and 100 kDa under reducing conditions
(Figure 3.9B and C). By MS, each of these bands were identified as sequences of the
FV-like molecule from PtPA confirming the target antigen of the mAbs (Appendix 3.3).

The FVa- and FXa- components of human prothrombinase have been shown to complex
at a 1:1 stoichiometric ratio [152]. It is therefore expected that venom FVa and FXa-like
components will also complex at a 1:1 ratio. Antibodies B148.4, B146.4 and B139.7
were used to measure FVa-like venom proteins (and mAb 25.8 to measure notexin) in
envenomed human and domestic animal serum and urine (Chapter 4). This enabled an
assessment of the amount of the whole PtPA complex (and notexin) present in urine and
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sera from snake bite victims, to be discussed in the following chapter. As the
prothrombin cleavage site (active site) is found on the heavy chain of the smaller FXa
protease [165], these mAbs could not be used to determined how much active toxin was
present. However, as the subunits generally complex at 1:1, it can be assumed how
much active toxin was present. Common antigens in snake venoms across species have
previously been shown to cause difficulties in developing species-specific field kits
[101, 177, 250]. This is because antibodies generated against one species can recognise
common epitopes in other snake venom within the same geographical area, making it
difficult to differentiate them: one main purpose of a snake venom field kit. The rabbit
polyclonal antibodies generated in this study showed extensive immunological crossreactivity between these 6 closely related Australian elapid venoms, Ptv, Nav, Nsv, Hsv,
Tcv and Osv (Figure 3.6). As expected, strongest cross-reactions were seen within
closely related snake species, for example; among the tiger snake group (Nav, Nsv and
Tcv) and among the procoagulant proteins of Hsv, Ptv and Osv (to be discussed in
Chapter 5).

Due to the high degree of cross-reactivity between antigens in the tiger snake group
venoms, whole IgG preparations were not suitable for species differentiation. Similarly,
when mAb 25.8 (anti-notexin) and 4E4.9 (anti-Tcv PLA2) were tested in sandwich
ELISA format to differentiate between Nsv and Tcv, they still recognised epitopes in
both venoms, again inappropriate for differentiating the snake species responsible (data
not shown). This may be explained by the fact that even though these mice were
immunised with denatured (linear) venom toxins (in gel bands), the epitopes they
recognise are exposed in the native protein. PAbs against Nsv and Tcv were crosspurified to remove cross-reactive Abs. The preparation of sspAbs greatly improved the
specificity between these two species (Figure 3.11B and D) and was a crucial step in
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distinguishing between these snake species in patients (Chapter 4). However, although
the resultant sspAbs showed greater specificity for Nsv and Tcv, WB analyses showed
some residual cross reactivity (Figure 3.11). With the immunisation protocol selected
for this work, it would be difficult to remove all cross-reactivity and still have enough
reactivity left to differentiate venoms circulating in low levels (ng amounts) in patients.

Removing cross-reactive venom components prior to injection, by passing them over
heterologous antibody columns is another approach to increase species specificity. In
this work, two approaches were adopted. First, excised gel bands, identified as being
potentially species-specific were used to successfully generate specific antibody
responses to Nsv and Tcv venom toxins. Bands chosen for immunisation were selected
based on knowledge present in the literature of these venoms and observations of size
differences in crude venom profiles by SDS-PAGE. Although it is known that many
venom toxins exist in various isoforms, giving rise to variations in size of similar toxins
by SDS-PAGE, this method successfully produced species-specific mAbs. The resultant
mAbs were highly specific by Western blot but not suitable for species differentiation in
a sandwich ELISA format as they displayed residual cross-reactivity. The second
approach involved the purification of crude pAbs against Nsv and Tcv columns. Crossreactive antibodies were removed to produce species-specific pAb preparations, which
unlike mAbs 25.8 and 4E4.9, were capable of differentiating between species.
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3.6 Concluding remarks

The aim of the work described in this chapter was to characterise antibodies for the
development of immunoassays to detect venom and venom components in envenomed
patient samples. This work has resulted in the successful development of both
polyclonal and highly specific monoclonal antibodies reactive to various Australian
elapid crude venoms. A total of 9 pAbs (against Nav, Nsv, Hsv, Tcv, Ptv and Osv,
PtPA, NsPA, OsPA) and more than 20 mAbs against PtPA, notexin (from Notechis sp.)
and a phospholipase A2 from T.carinatus venom were developed and characterised. A
further 50 mAb clones are available for further characterisation for future assays. Based
on the above findings, both mAb and pAbs were selected for optimization in
development of ELISA and DELFIA for the detection of the noted venom components,
PtPA and Notexin, to be discussed further in the following chapter.
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Appendix 3.1 Serum antibody titres of immunised mice.

ELISA titre (x 103)
Mouse #

Bleed 1

Bleed 2

2.7 ++
24.3 +++
72.9 +++
72.9 ++
24.3 ++
0.9 ++
24.3 +++
24.3 +++
0.9 ++
0.9 +
8.1++

12.8 ++
12.8 ++
Culled
102.4 +++
51.2 +++
3.2 ++
51.2 ++
51.2 +++
12.8 +++
12.8 +++
12.8 +++

1/2500 +++
1/2500 +++
1/2500 +++
1/2500 ++
1/2500 ++
1/2500 +++
1/2500 +++
1/2500 ++
1/2500 +
1/2500 ++

51.2+++

102.4 ++

(Bld 2) 1/10,000 +++ to
Na, wk to Ns & Tc

(Cull bld) 1/10,000 +++
V. clean only Na

25.6 +++

51.2 +++

(Bld 2) 1/10,000 ++++ to
Na & Ns, wk to Tc

NT

51.2 +++

102.4 +++

(Bld 2) 1/10,000 +++ to
all LMW, wk to Hs

NT

Ns 2

25.6++++

51.2 +++

NT*

NT

Hs 1

51.2 +++

102.4 +++

(Bld 2) 1/10,000 ++++ to
only Hs (20-120kDa)

51.2 +++

102.4 +++

(Bld 2) 1/10,000 +++ to
only Hs (20-120kDa)

Pooled cull sera:
1/10,000 +++, Clean for
HS\s, wk all others
~70kDa

25.6 +++

51.2 +++

(Bld 2) 1/10,000 + wk to
only Tc

(Bld 2) 1/10,000 +++,
wk cross reactivity with
others.

25.6 ++++

51.2 ++++

NT*

(Bld 2) 1/10,000 ++++
cross-reactive to all

1
2
3
4
5
1
2
3
4
5
6
Nan 1

Antigen

Western Blot Reactivity

Ptv

HI Ptv

Na18

Nan 2
Ns 1

Ns17/80

Hs28/60

Hs 2

Tc 1
Tc 2

Tc 25/220

Rounds 1

Round 2

Mice immunised with crude P.textilis (Ptv), Heat-inactivated Ptv or SDS-PAGE isolated venom
bands from N.ater niger (Na), N.scutatus (Ns), H.stephensii (Hs) or T.carinatus (Tc). Titres
determined by titration of sera by ELISA against respective venom using anti-mouse Ig HRP to
detect anti-venom antibodies. Titre given x 103 and intensity of reaction (absorbance for ELISA
and luminescence for Western Blot) expressed as „+‟ weak, „++‟moderate and „+++‟ strong. NT,
not tested, NT*, not enough serum to test.
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Appendix 3.2 Serum antibody titres of immunised rabbits
ELISA titre (x 103)
Animal #
Rb# 16
Rb# 17
Rb# 18
Rb# 19
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Rb # 21
Rb # 22
Rb # 23
Rb # 24
Rb # 25
Rb # 26

Antigen
Dav*

Bleed 1

Bleed 2

Bleed 3

Western Blot Reactivity

Bleed 4

Bleed 5

NT
NT
5.9 +++

5.9 +++
5.9 +++
6.0 +++

48.6 +++
48.6 ++
48.6 ++

48.6 ++
48.6 +++
145++

48.6 ++
48.6 +++
145 ++

5.9 +++
51.2 +++
409 +++
409 +++
409 ++
12.5 +
409 +++

6.0 +++

145 ++

145 +++

145 +++

Ptv
Nav
Hsv
Tcv
Nsv
Rvv*
Osv

Rb # 48

PtPA

Rb # 49

NsPA

Rb # 50

OsPA

25.6 +++
51.2
++++
25.6 ++

Purified IgG
++++
Purified IgG
++++
Purified IgG
++++

Serum

Purified IgG

4

1/10 ++
1/104 ++
1/104 ++
1/104 ++
1/15,000+++ (Bld3)
1/15,000 +++
1/15,000 ++++
1/15,000 ++++
1/15,000 +++
NT
1/15,000 +++

0.1µg/ml +++
0.1µg/ml +++
0.1µg/ml ++++
0.1µg/ml +++

0.1µg/ml +++
0.1µg/ml +++
0.1µg/ml +++
0.1µg/ml +++
0.2µg/ml +++

1/10,000; ++++ (Bld1)

0.25ug/ml +++

1/10,000; +++ (Bld 1)

0.25µg/ml +++

1/10,000 +++ (Bld 1)

0.25µg/ml +++

Rabbits immunised with crude A.antarcticus (Dav), P.textilis (Ptv), N.ater niger (Nav), H.stephensii (Hsv), T.carinatus (Tcv), N.scutatus (Nsv),
D.russellii (Rvv), O.scutellatus (Osv) and purified Pt-prothrombin activator (PA), Ns-PA and Os-PA. Titres determined by titration of sera by ELISA
against respective venom using anti-mouse Ig HRP to detect anti-venom antibodies. Titre given x 103 and intensity of reaction (absorbance for ELISA
and luminescence for Western Blot) expressed as „+‟ weak, „++‟moderate and „+++‟ strong. NT, not tested, * Antibodies developed for other ASP
researchers, not directly used in this project.
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Appendix 3.3 Mass Spectrometric analysis of P.textilis venom bands. Gel bands run on 15% SDS-PAGE and silver stained corresponding to those
identified in Figure 4.13. Peptide sequences and ion scores of hits matching (species specific hits only reported, excluding trypsin hits).
Band
ID
P1

Hypoth.
MW.

No. of
Hits*

120

2

Relevant Hit
Pseutarin C:
Q7SZN0

Species
P.textilis
(Tax ID:
8673)

Mass

PI

MASCOT
score

Sequence
covered

165828

5.73

500

12%

Peptides matching
57 - 65

R.LSESDLTFK.K

95 - 106
107 - 124
141 - 152
309 - 317
378 - 392
418 - 427
440 - 457
458 - 469
477 - 487

488 - 499
507 - 516
538 - 558
718 - 736

R.GEVGDSLIIYFK.N
K.NFATQPVSIHPQSAVYNK.W
R.LDDAVPPGQSFK.Y
K.WLISSLVAK.H
R.YKAQYLDNFSNFIGK.K
K.ERGILGPVIK.A
K.NLASRPYSIYVHGVSVSK.D
K.DAEGAIYPSDPK.E
K.AVEPGQVYTYK.W
K.AVEPGQVYTYKWTVLDTDEPTVK
.D
K.WTVLDTDEPTVK.D
K.LYHSAVDMTR.D
K.GVQNKADVEQHAVFAVFDENK.S
K.KEEVPVNFVPDPESDALAK.E

880 - 889

K.HLGILGPIIR.A

902 - 919
1077 - 1093
1276 - 1283
1425 - 1434

R.NLASRPYSLHAHGLLYEK.S
K.DIHVVNFHGQTFTEEGR.E
R.YIRLHPTK.F
K.HFFKPPILSR.F

339 - 349

K.QDFGIVSGFGR.I

350 - 356
362 - 370
432 - 437
432 - 440
451 - 462

R.IFEKGPK.S
K.VLKVPYVDR.H
K.YGIYTK.L
K.YGIYTKLSK.F
R.QKLPSTESSTGR.L
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477 - 499

P2

P3

80

35

1

2

Coagulation Factor
V: Q593B6

Blood coagulation
factor X2

P.textilis
(Tax ID:
8673)

P.textilis
(Tax ID:
8673)

116113

51626

5.97

183

7.03

210

117

4%

10%

Appendix 3.4 Mass Spectrometric analysis of N.ater and T.carinatus venom bands. Gel bands run on 15% SDS-PAGE and silver stained, corresponding to
those identified in Figure 4.13 and peptide sequences and ion scores of hits matching (species specific hits only, excluding trypsin hits).
Band
ID

Hypoth.
MW.

No. of
Hits*

N1

17

5

N2

22

6

Relevant Hit
Notexin (PLAs):
PSNOAS

Notexin (PLAs):
PSNOAS

Species
N.scutatus

N.scutatus

Mass

PI

MASCOT
score

Sequence
covered

14410

7.94

357

49%

14410

7.94

455

60%

118
T1

18

3

Phospholipase A3precursor

N.scutatus

17723

4.68

150

118

18%

Peptides matching
1 - 16

-.NLVQFSYLIQCANHGR.R

47 - 57

K.IHDDCYDEAGK.K

47 - 58

K.IHDDCYDEAGKK.G

64 - 79

K.MSAYDYYCGENGPYCR.N

88 - 102

R.FVCDCDVEAAFCFAK.A

1 - 16

-.NLVQFSYLIQCANHGR.R

47 - 57

K.IHDDCYDEAGK.K

47 - 58

K.IHDDCYDEAGKK.G

64 - 79

K.MSAYDYYCGENGPYCR.N

88 - 102

R.FVCDCDVEAAFCFAK.A

103 - 115

K.APYNNANWNIDTK.K

59 - 70

K.GGSGTPVDELDR.C

120 - 127

K.AFICNCDR.T

128 - 135

R.TAAICFAR.A

Chapter 4
Development of anti-venom
immunoassays
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4.1 Introduction
Members of the closely related tiger snake group (N.ater , N.scutatus, H.stephensii and
T.carinatus) have been found to be responsible for 12% of envenomings in a cohort of
545 cases in northern NSW and QLD between January 2002 and May 2008 [179]. Of
these, 21 were designated as T.carinatus envenomings by ELISA testing of patient sera
for each of the tiger snake group venoms, using polyclonal antibodies (anti-tiger snake
group) produced for this project. The causative species was identified by the highest
relative absorbance to the panel of polyclonal antivenoms. A limitation of that study was
the high level of cross-reactivity observed between patients envenomed by Notechis and
Tropidechis species. A more specific and sensitive method of differentiating species
would enable confirmation of the method used in the NSW/QLD study and perhaps a
clearer definition of the demographics, clinical features and venom levels in patients
envenomed by snakes in the tiger snake group.

Quantitative venom analyses enable comparisons to be made between venom levels
before and after each dose of antivenom; in essence assessing the efficacy of antivenom
preparations to bind and neutralise venom components in actual cases. Although the
clinical syndromes of major Australian snake envenomings (e.g. P.textilis and
N.scutatus) have been well documented [20, 28, 77], the specific syndromes presented
by the less well charaterised snake venoms (T.carinatus and H.stephensii) are still
unclear. The ability to detect and trace levels of specific venom toxins in serial patient
urine and serum samples will give us a further understanding of their respective
mechanisms of action, absorption and excretion. In addition, such measurements will
clarify the efficacy of commercial AV preparations to bind all free circulating venom in
clinical envenomings.
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The work in this chapter is therefore aimed to develop:

(i)

Quantitative DELFIAs (qDELFIA); Using mouse monoclonal and rabbit
polyclonal antibodies to quantify crude venom levels (anti-Na, anti-Ns, antiHs, anti–Tc and anti-Pt) and individual venom components (qDELFIAs:
PtPA and Notexin) and

(ii)

Species differentiating DELFIAs (dDELFIA); Using purified speciesspecific (ss) rabbit IgG polyclonal antibodies to differentiate between the
closely related Tiger snake group venoms, currently indistinguishable using
the commercial VDK. The assay developed herein to be validated using
venom spiked non-envenomed human serum and confirmed with actual
cases where the snake responsible was definitively known.

The specific hypothesis was that given the whole rabbit IgG was to be used for the
qDELFIA systems, detecting more venom components (as opposed to sspAb, depleted
of cross-reactive IgG for dDELFIA), that the quantitative assays would give a more
representative serum venom level. It was also hypothesized that due to the large size of
the PtPA molecule, it would be detectable only in serum (not in urine). It was also
expected that levels of serum PtPA and notexin would always be lower than crude
venom in both matrices.
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4.2 Materials & Methods

4.2.1 Materials
BSA (>97% pure) and BSA (FV) were purchased from Sigma and7.5% BSA (FV)
Solution from Gibco. Maxisorb microtitre plates were purchased from Nunc,
Streptavidin-Europium, DELFIA assay buffer, DELFIA enhancement solution and
Western Blot Chemiluminescence reagent PLUS were purchased from Perkin Elmer.
Lyophilised crude venoms (Nav Nsv, Hsv, Tcv and Ptv) and purified PtPA were
purchased from Venom Supplies, SA.

4.2.2 Samples
Human serum samples were obtained from patients with Brown (Pseudonaja spp.) and
Tiger snake group (Notechis spp., Tropidechis spp. and Hoplocephalus spp.)
envenoming. Patients were recruited by ASP, a multicentre prospective study of snake
bites in Australia and a preceding prospective study of snake envenoming in Darwin
[251]. Ethics approval was obtained for all involved institutions through ASP. Serum
samples were collected from 18 patients with brown and tiger snake group envenoming
before and after the administration of antivenom, mainly from eastern states hospitals.
Most patients used in this study were bitten by known snakes with the identification of
the snake responsible confirmed by either the snake being the patients‟ pet and the
species known or by Museum or Wildlife Authority identification, as indicated in
Figure 4.1. All 18 patients showed venom induced consumptive coagulopathy (VICC);
Pseudonaja spp: 4 patients, Tropidechis sp.; 7 patients, Hoplocephalus sp.; 4 patients
and Notechis sp.; 3 patients. All samples were stored for 2 to 10 years (median 5 years)
at -80˚ C until assayed. Patient serum samples were divided for relevant assays based on
sample size available as illustrated in Figure 4.1.
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Serum collected from 18 Envenomed human
patients (ASP) displaying VICC

4 Brown snake patients

2 x NSW
1 x QLD
1 x WA
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All subject to PtV qDELFIA
and PtPA qDELFIA

a

3 Tiger snake patients

1 x NSW
1 x VICc
c
1 x TAS

7 Rough scaled snake
patients

4 Stephens’ banded
snake patients

5 x NSW
2 x QLD

3 x NSW
1 x QLDc

b

All subject to Nsv
qDELFIA and dDELFIA

d DELFIA
n=5

All subject to
TcV qDELFIA

b,b

All subject to Hsv
qDELFIA and dDELFIA

Figure 4.1: Flow diagram of human snake bite patients. All patients recruited through ASP. Indicated is location of cases and
how patient samples were used for this project. Snake was formally identified in 7 cases by; a Identification by qualified
individual, b Identification by Museum or NSW Parks and Wildlife or c snake was patients snake and therefore known. Due to
insufficient sample volume, not all patient sera samples were tested on both respective venom assays.
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Feline and Canine biological samples were obtained from envenomed animals by
Brown or Tiger snakes presenting to the Murdoch Pet Emergency Centre (MPEC),
Murdoch University between October 2008 and March 2009. Ethics approval was
obtained from Murdoch University (R2202/08) and UWA (Ref: F15811) and samples
collected with the owner‟s consent. Urine and serum samples were collected from 14
animal patients (4 cats, 9 dogs) before and after antivenom treatment (1 patient, a dog
was a suspected snakebite victim and no AV was given) and stored at -80˚C for 2 to 5
months until required. The species of snake responsible was determined in most cases
by VDK during the normal course of clinical diagnosis. Animal patient samples were
divided for relevant assays based on sample size available (Figure 4.2).

14 Envenomed domestic animal patients
Recruited to Murdoch Emergency Clinic

8 Brown snake patients*

1 Unknown patient

5 Tiger snake patients*

1 Dog
3 Dogs
2 Cats

5 Dogs
3 Cats

Tested by qDELFIA for
Crude PtV and PtPA

Tested by qDELFIA for
Crude NaV and Notexin

Figure 4.2: Flow diagram of domestic animal snake bite patients. All
recruited through the MPEC. All cases occurred in and around Perth, WA.
Indication of how patient serum and urine samples were analysed for this
project. * species responsible determined by VDK and one direct snake
identification.

4.2.3 Antibodies
As described in Chapter 3, a panel of antibodies were produced and characterised to
enable the detection of a variety of crude Australian elapid venoms (Na, Ns, Hs, Tc, and
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Pt) and several individual venom components (pAbs recognizing PtPA, NsPA and
OsPA and mAbs recognizing PtPA, notexin and a phospholipase A2 from Tcv). To
differentiate the tiger snake group venoms, species-specific (ss) pAbs were prepared
(Chapter 3.2.10) by cross-affinity purification. Antibodies were biotinylated as
described in Chapter 3.2.7. Table 4.1 summarizes antibodies selected for development
of immunoassays.
Table 4.1: Antibodies produced for the development of snake venom DELFIAs.

Reactivity
N.ater niger
venom (NaV)
N.scutatus
venom (NsV)
N.scutatus
venom (ssNsv)
H.stephensii
venom (Hsv)
T.carinatus
venom (TcV)
T.carinatus
venom (ssTcv)
P.textilis venom
(Ptv)

Antibody Type

Antigen

Purification

Rb pAb IgG

Crude Nav

PG-S

Rb pAb IgG

Crude NsV

PG-S

Rb pAb IgG (sspAb)

Crude NsV

IA against TcV

Anti-ssNsv IgG

Rb pAb IgG

Crude Hsv

PG-S

Rb pAb IgG

Crude TcV

PG-S

Anti-Hsv IgG
Anti-Hsv IgG Biotin
Anti-TcV IgG
Anti-TcV IgG Biotin

Rb pAb IgG (sspAb)

Crude TcV

IA against NsV

Rb pAb IgG

Crude Ptv

PG-S

Notexin

Mu mAb clone 25.8

Factor V-like
protease of
Pseutarin
(P.textilis PA)

Mu mAb clone B139.7
Mu mAb clone B146.4

Nav gel band
(~18kDa)
Crude Ptv
Crude Ptv

Mu mAb clone B148.3

Crude Ptv

Preparation
Anti-Nav IgG
Anti-Nav IgG Biotin
Anti-Nav IgG
Anti-Nav IgG Biotin

Anti-ssTcv Biotin

PG-S
PG-S

Anti-Ptv IgG
Anti-Ptv IgG Biotin
25.8 IgG
25.8 IgG Biotin
B139.7 IgG
B146.4 IgG Biotin

PG-S

B148.3 IgG Biotin

PG-S

Rb pAb; rabbit raised polyclonal antibody, Mu mAb; mouse raised monoclonal
antibody, PG-S; Protein-G Sepharose purified, IA: Immunoaffinity purified.

4.2.4 DELFIA Development
Several commercially available plate types (black and opaque from Greiner, multisorb
from Greiner and Nunc) were tested using a sandwich ELISA format and the same
antibody pair. All subsequent assays were performed in 96 well, Maxisorb microtitre
plates, Nunc. Initially, all possible antibody pair combinations were tested. The
sandwich pairs giving best sensitivity, with the lowest background were selected for
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optimisation. Working concentrations of both capture (for plate coating) and
biotinylated detection antibody were independently determined to give high sensitivity
and low background. Various diluents, times of incubation, concentration of
streptavidin-Eu were also alternately assayed to find optimal working conditions
(results not shown).

Under assay conditions determined by the approach above, maxisorb 96 well plates
were coated with each of the anti-tiger snake (group) polyclonal antibodies at 5g/ml
(100L/well) in sodium carbonate buffer (50mM, pH 9.7), for 1 h at room temperature
then at 4˚C overnight. Wells were then washed three times with PBS containing 0.02%
Tween20 (T20), and blocked with 2% BSA for an hour. Plates were then washed again,
and 100 L of sample solution (standard or blank) was added as a 1:10 dilution in PBS.
The plates were incubated for 1 h and then washed a further three times. In total, 100 L
of the chosen anti-venom IgG–Biotin conjugate at a concentration of 0.2 to 1 g/mL in
blocking solution was then applied to each plate. After 1 hour incubation, plates were
washed 5 times and Streptavidin-Eu added at a dilution of 1:1500 and incubated for a
further hour. Plates were then washed 8 times in wash buffer and plates developed with
100 L of DELFIA enhancement reagent. Europium was given 5 minutes to dissociate
from the secondary antibody complex and fluorescence measured on a Victor 3
Multilabel Plate reader (Wallac) at excitation and emission wavelengths of 340nm and
615nm respectively.

4.2.5 DELFIA Characterisation & Assay Validation
Once optimal plate types and antibody combinations were determined, a comparison of
assay diluents for both standards and samples was undertaken. Standard curves were
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developed by spiking pooled (n=15) non-envenomed (NE) human serum (diluted 1/10
in PBS) with relevant venom or purified venom components. The specificity of each
assay was assessed by examining cross-reactivity of polyclonal anti-tiger snake
antibodies with each of Tiger (N.scutatus), Stephens‟ banded (H.stephensii) and Rough
scaled snake (T.carinatus) venoms in the concentration range of 0.5 to 250ng/ml.
Similarly, diluted human and canine control serum was spiked with crude venoms
(P.textilis and N.ater niger venom) and purified toxins (PtPA and Notexin) and applied
to respective assays. Data was analysed by linear regression using Prism 4.0.

Levels of detection (LoD) and blank (LoB) were determined according to guidelines set
out by the National Committee in Clinical Laboratory Standards (NCCLS) [252]. In
brief, for each assay, a minimum of 60 blank replicates (either pooled NE serum, pooled
NE serum diluted 1:10 or 0.5% BSA/PBS) were used to calculate LoB according to the
following: LoB = Average blank + 1.645* SD. For crude venom quantitation assays
(anti-Nsv, Hsv and Tcv), LoBs were determined for each diluent. For dDELFIA of tiger
snake species, anti-Ptv, anti-PtPA, anti-Nav and anti-notexin assays, LoBs were
calculated using human NE serum diluted 1:10 as a blank. A minimum of 50 spiked low
level sample replicates on each assay were used to determined LoDs based on the
following: LoD = LoB + 1.645* SD. The resultant LoD (in counts) was interpolated
into the linear equation of a standard curve derived from 6-10 standard replicates.
Replicate data was collected over several days by two different users. Spiked samples
were titrated using doubling dilutions and interpolated into standard linear equations
prior to the analyses of patient samples.
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To clarify, the LoB defines the concentration of analyte at which positive results begin
to occur. The LoD defines the concentration of analyte in which the assays reliably
return a positive result. The LoDiff, defined for the dDELFIAs, is the concentration at
which species can be easily distinguished as determined by spiking samples at the LoD
(x) and at 2x, 4x and 8x and 16x the LoD concentration.

4.2.6 Analysis of patient samples
Human serum samples were diluted in PBS prior analysis, the dilution necessitated and
determined by the small sample size available. Each sample was tested in triplicate and
titrated by serial dilutions if sufficient sample was available. The four Ptv patient
samples were subjected to both Ptv qDELFIA and PtPA qDELFIA and tiger snake
group patient samples were analysed by both dDELFIA and respective crude venom
qDELFIA (Figure 4.1). NE human serum (n = 10) was used as controls for each assay
to correct all human patient samples values. Animal patient urine and serum samples
were either brown or tiger snake envenomed and assayed on Ptv qDELFIA and PtPA
qDELFIA or Nav qDELFIA and Notexin qDELFIA (Figure 4.2). Samples were diluted
1:10 prior to analysis and non-envenomed pooled feline or canine serum and urine used
as blanks.

Clinical signs of envenoming for each human patient where available are presented in
Table 4.2. All patients had presented with signs of severe envenoming as determined by
the presence of VICC (defined by a prolonged International normalised ratio, INR with
elevated D-Dimers). One brown snake patient died as a result of envenoming, one
suffered a cardiac arrest but survived and one showed signs of neurotoxicity. 2 out of 4
Hs patients and 2 out of 7 Tc patients showed non-specific systemic effects. The
severity of clinical signs of envenoming (coagulopathic and neuro/myotoxic) in each
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domestic animal case, the amount of antivenom given and approximate time since bite
and time to recovery (defined by return of normal coagulation tests and recovery from
complete paralysis/ recumbency) varied in animal patients and is summarised in Table
4.3.
Table 4.2 Clinical signs of envenoming in 18 human snakebite cases.

Snake Species

Patient
ID
L

Pseudonaja sp.

Notechis sp.

Par1
Wyn
Jen1
P
Ms
An
My
S

H.stephensii
Th
R
C
H
F
T.carinatus

M
W
Men
Ken

Sex

State

Major
Clinical
signs

F
M
M
M
M
M
F
M
M

WA
NSW
NSW
QLD
VIC
TAS
WA
NSW

VICC
VICC
VICC
VICC
VICC
VICC
VICC
VICC

NSW

VICC

QLD
NSW
NSW
NSW
QLD

VICC
VICC
VICC
VICC
VICC

NSW
QLD

VICC
VICC

NSW
NSW

VICC
VICC

M
M
M
M
M
M
M
M
M

Other Clinical
Died from intracerebral
haemorrhage
Cardiac arrest
Neurotoxicity
MAHA*
Non- specific systemic
effects
Non- specific systemic
effects
Mild myotoxicity
Non-specific systemic
effects
Non-specific systemic
effects
-

Four Pseudonaja sp. (Brown) (1F/3M), 3 Notechis sp. (Tiger) (1F/2M), 4
H.stephensii (4M) and 7 T.carinatus envenomed patients presenting enrolled
to ASP between 1998 and 2008. * Micro-Angiopathic Haemolytic Anemia.
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Table 4.3 Clinical signs of envenoming in 13 domestic animal snakebite cases.
Snake Animal
Patient
Species species
K
C*
dog
Sn
P
Brown
sp.
Q
A
cat
B
G
N
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dog
Tiger
sp.
cat

O**
R
D
H

Time since
bite (approx)
2hrs+
suspected
suspected
2hrs
3hrs
8-10hrs
1-2hrs
unknown
1hr
2hrs
1hr
possibly
10hrs
few days?

Neuro/
Myotoxicity

Coagulopathic

AV given

+++
+++
++
++
++
+++
+++

+++
+++
+
+++
+++

12hr
NA
NA
8hr
10hrs
40+hrs
5hrs
13+hrs
15+hrs

-

-

+++
+++
(+40hr)
+++

+++

4 x MB
1 x MB
4 x MB
1 x MB
2 x MB
2 x MB
1 x AV
4 x T/MB
0.5 x
T/MB
8 x T/MB
8 x T/MB
2 x T/MB

DNR
19+hrs

-

Bite to
recovery

7.5hrs
6hrs

Eight Brown (5 dog, 3 cat) and 5 Tiger (3 dog, 2 cat) envenomed patients presenting to MPEC and recruited for this project between October
2008 and April 2009. * Dog (C) Found with half bitten snake, other dog in family coagulopathic and pre-paralytic but not enrolled in this
study. **Dog (O) seen near tiger snake and had received antivenom twice before. Had an anaphylactic reaction to AV so treatment was
stopped. + mild coagulopathy, defined by delay in PT and APPT, ++ Mild neurotoxicity defined by mild LMN paralysis, weak Palpebrals
reflexes (PLR) and mild myotoxicity defined by elevated serum CK levels, +++ Severe Myo/neurotoxicity defined by prolonged elevated
serum CK levels (>24 hours) and severe paralysis including recumbency, no PLR and respiratory paralysis in some cases. Severe
coagulopathy defined by prolonged (+8hrs) delay in aPPT (off the scale). Recovery time refers to the return of normal biochemical tests and
normal physical function.
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4.3 Results
4.3.1 Optimisation of assay conditions
Opaque and coloured microtitre plates have traditionally been used to minimize
background and well-to-well cross-talk in fluorometric assays. For this work, a variety
of plates from various companies were tested and although coloured plates gave a
marginally lower background (5 to 10%), they were considered too expensive. Nunc
plates gave the cleanest result with the lowest background for each assay tested and
were therefore utilized for all subsequent experiments (data not shown). Batch to batch
variation in the occurrence of „hot wells‟ as well as general high backgrounds were
encountered with commercially purchased assay buffer and enhancement solution. All
reagents were therefore assessed to identify the problem. During this process, three
BSA preparations (BSA, >97% purity Sigma, 7.5% FV BSA solution, Gibco and BSA,
FV fraction, Sigma) were tested to determine if globulins affected background levels.
We found that the BSA preparation used had little effect on background levels (data not
shown). Similarly, when comparing the commercially available assay buffer to our inhouse preparation, no significant differences were seen. The commercial enhancement
solution (Perkin Elmer) was found to be a source of high background and further
investigation revealed that centrifugation at 13,000rpm for 5 minutes or filtration
through a 0.22µm syringe filter eliminated the problem.
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4.3.2 Standard selection, curves and calculated LoB /LoD
For Tiger group crude venom quantitation assays (Figure 4.3, A to C) and
differentiation assays (Figure 4.3, D to F), crude venoms in appropriate diluents were
used to generate pooled standard curves (n = 8 to 10). For Brown and (W.A.) Tiger
snake venom and toxin specific assays (anti-Ptv, anti-PtPA, anti-Nav and anti-Notexin),
diluted NE serum was spiked with crude Ptv, purified PtPA (Venom supplies), Nav and
notexin (isolated in-house, method described in Chapter 5, section 5.2.3) and used to
generate standard curves (Figure 4.3, G to J) for subsequent unknown level
determinations. Standard samples measured in triplicate had a coefficient of variation of
less than 10%.

As described earlier, LoB and LoD values of the seven developed quantitative
immunoassays were calculated based on NCCLS guidelines [252]. qDELFIA for the
tiger snake (group) venoms (Nsv, Hsv and Tcv) had LoB determined using 3 diluents;
0.5%BSA in PBS, neat NE serum and NE serum diluted 1/10 in PBS (Table 4.2). The
highest backgrounds (mean counts) were observed using BSA in PBS. The anti-Nsv
qDELFIA gave an unacceptably high background value (2146 counts above mean
blank) and so, when compared to neat NE serum (Nsv: 221, Hsv: 168 and Tcv: 245
counts above blank) and diluted NE serum (Nsv: 402, Hsv: 168 and Tcv: 255 counts
above blank) as alternatives, the latter was selected for subsequent optimisation assays
(used for standard titrations, blank and spiked samples. LoDs for tiger snake group
assays ranged between 0.12 to 0.3 ng/ml, equating to a 12 to 30 picogram per well.

Assays detecting Nav and Ptv had LoD values of 1.15 and 0.8 ng/ml respectively, the
latter having a higher background (LoB of 0.54ng/ml) but a lower deviation between
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spiked samples. The mAb/mAb pair used to detect PtPA resulted in a high mean blank
(1905 counts) and subsequently the poorest LoD (4.35ng/ml). The LoD for the antiNotexin qDELFIA was calculated at 1.1ng/ml, equating to 110pg per well of venom
toxin. Optimised antibody combinations, their working concentrations as well as the
calculated LoB and LoD for each assay are presented in Table 4.4. When spiking human
and canine serum with crude P.textilis and N.ater niger venoms as well as purified PtPA
and Notexin for respective assay standardization, results showed that the detected crude
venom concentration was always higher than the individual toxin level (data not
shown).
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Figure 4.3 Standard curves generated for DELFIA characterization. Standard
curves. X axis: Counts Eu, y axis: concentration of venom or purified toxin
(ng/ml). Error bars indicate standard deviation of replicates, linear regression
analysis with dotted lines indicating 95% confidence intervals. A. Nsv qDELFIA
(n=10), crude Nsv spiked BSA/PBS B. Hsv qDELFIA (n=10), crude Hsv spiked
BSA/PBS, C. Tcv qDELFIA (n=8), crude Tcv spiked BSA/PBS, D. NsV
dDELFIA (n=4), crude NsV spiked diluted NE serum, E. Hsv dDELFIA (n=4),
crude Hsv in dil. serum, F. TcV dDELFIA (n=4), Tcv spiked dil. Serum. G. PtPA
qDELFIA (n=8), purified PtPA spiked dil. serum, H. Ptv qDELFIA (n=6), crude
Ptv spiked dil. serum, I. Notexin qDELFIA (n=6), purified notexin in dil. serum, J.
Nav qDELFIA (n=6), crude Nav spiked dil. serum.
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Table 4.4 Characterisation of venom quantitation DELFIAs: Anti-tiger (Nsv, Hsv and Tcv) and brown snake (Ptv), PtPA and Notexin.
Detection
Antibody

Diluent

Blank

SD1

LoB2

LoB3

(counts
above blank)

(ng/ml)

N.scutatus

Anti-Nsv IgG
(5ug/ml)

Anti-Nsv IgG
Biotin (1ug/ml)

BSA
Neat NE serum
1/10 NE serum

2213
876
602

1304 (n=50)
134 (n=50)
244 (n=50)

2146
221
402

0.14
0.09
0.07

2400
932
1068

1474 (n=50)
222 (n=50)
403 (n=50)

0.20
0.12
0.15

H.stephensii

Anti-Hsv IgG
(5ug/ml)

Anti-Hsv IgG
Biotin (1ug/ml)

BSA
Neat NE serum
1/10 NE serum

940
544
513

119 (n=50)
102 (n=53)
102 (n=116)

196
168
168

0.16
0.18
0.18

1240
742
876

134 (n=50)
110 (n=50)
220 (n=50)

0.25
0.21
0.30

T.carinatus

Anti-Tcv IgG
(5ug/ml)

Anti-Tcv IgG
Biotin (1ug/ml)

BSA
Neat NE serum
1/10 NE serum

1213
722
768

259 (n=50)
149 (n=50)
155 (n=50)

426
245
255

0.20
0.20
0.20

6073
2732
4125

1670 (n=50)
918 (n=50)
1699 (n=50)

0.25
0.25
0.22

P.textilis

Anti-Ptv IgG
(5ug/ml)

Anti-Ptv IgG
Biotin (1ug/ml)

1/10 NE serum

1263

115 (n=59)

190

0.54

3122*

362 (n=50)

0.80

N.ater niger

Anti-Nav IgG
(5ug/ml)

Anti-Nav IgG
Biotin
(1ug/ml)

1/10 NE serum

943

103 (n=63)

169

0.10

8348

674 (n=35)

1.15

P.textilis PA

mAb B139.7
(5ug/ml)

mAb B146.4
Biotin
(1ug/ml)

1/10 NE serum

1905

135 (n=50)

287

1.4

547*

189 (n=52)

4.35

Notexin

mAb 25.8 (5ug/ml)

Anti-Nav IgG
Biotin
(1ug/ml)

1/10 NE serum

901

239 (n=85)

394

0.84

1340

301 (n=48)

1.10
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Capture
Antibody

(mean
counts)

Spiked
samples4

SD, spiked
samples5

(mean counts)

(counts)

LoD6

DELFIA:
Venom
detected

(ng/ml)

Level of blank (LoB) and detection (LoD) calculated for three diluents, 0.5% BSA/PBS, neat NE serum and diluted NE serum (1/10). 1 Standard
deviation of blanks, 2LoB (counts Eu) above serum blank = Mean counts + 1.65(SD), 3 LoB (ng/ml) derived by interpolating LoB in counts to linear
equation of Standard curve,4 Spiked low level samples at 0.1ng/ml and where indicated by * at 1ng/ml, Counts stated are mean values above serum
blank, 5 Std Dev of spiked samples at 0.1 and 1ng/ml, 6 LoD (counts) derived from LoD = LoB + 1.645*SD and converted to ng/ml using linear
equation of pooled standards (n=10). n = number of replicates.

135

The use of sspAbs for the differentiation of the tiger snake species resulted in a
significantly higher background with mean blank values (counts Eu) of 3185 and 9179,
equating to 0.32 and 1.95ng/ml for anti-Nsv and anti-Tcv assays respectively (Table
4.5). LoB and LoD values were calculated using mean counts (Eu) above serum blanks
of low level (2ng/ml) spiked serum samples. For the Nsv dDELFIA, the LoD was found
to be 2.65ng/ml and even though a high mean count was observed for the Tcv
dDELFIA (9179 counts), the counts above the blank resulted in a LoB and LoD of 1.95
and 3.2ng/ml respectively. As outlined above, the antibody pair used to detect Hsv in
the dDELFIA system was the same as for the Hsv qDELFIA (Table 4.4).

Table 4.5: Characterisation of anti-tiger snake differentiation DELFIA.
Differentiation
DELFIA:
Antibody
combination

Blank
(mean
counts)

SD1

LoB2

LoB3

(blanks)

(counts)

(ng/ml)

3185

474

SD,
spiked
samples4

LoD5

LoD6

(counts)

(ng/ml)

3185

2.65

2775

3.18

(counts)

NsV
Capture:
Anti-ssNsv IgG
(5ug/ml)
Detection:
Anti-Nsv IgG
Biotin
(1ug/ml)

777

0.32

(n=68)

746
(n=56)

TcV
Capture:
Anti-Tcv IgG
(5ug/ml)
Detection:
Anti-ssTcv IgG
Biotin
(5ug/ml)

9179

877

1447

(n=60)

1.95

951
(n=56)

Summary statistics: Counts (Eu) quoted are above blank values. 1 SD = Standard
deviation of blanks in counts, 2 Level of blank (LoB) determined using diluted NE
serum mean blank (above the mean blank) and calculated by LoB = Mean blank +
1.645*SD (95% CI), 3 LoB (ng/ml) derived by interpolated LoB in counts to linear
equation of standard curve, 4 Standard deviation of low level spiked samples
(2ng/ml) in counts, 5 Counts (Eu) stated are above blank value and LoD determined
according to LoD= LoB+1.645*SD and 6 converted to ng/ml using linear equation
of pooled standards (n=8) in diluted serum. n = number of replicates.
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Due to the small sample size of confirmed tiger snake group envenomings, the ability of
the assay system to differentiate these venoms was determined by the use of venom
spiked non-envenomed human serum. The LoDiff in spiked, non-envenomed human
serum was therefore defined as the concentration at which the tiger snake species could
be differentiated using dDELFIA and was found to be 1ng/ml for anti-Nsv and anti-Hsv
dDELFIA and 2ng/ml for anti-Tcv dDELFIA. That is, even below the LoD, a positive
value was found to be highly species-specific. Serum samples spiked with each venom at
concentrations of 1 and 5 ng/ml showed differentiation in each assay (Figure 4.4, A to
Ci). Heterologous venoms were titrated on each antibody pair, and residual crossreactivity presented in panel ii below. Again, counts reported are above respective serum
blank.
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Replicates

ng/ml

Mean

%CV

SD

1

1870

2013

2123

2002

127

5

7237

7690

7524

7484

229

1

141

198

96

122

51

5

287

301

482

346

109

1

40

-88

154

102

121

5

692

808

943

743

125

Tcv

25000

6.3

Nsv

Hsv

30000

ii.
Counts Eu

A. i.

3.1
>40
>30
>100

20000

NsV

15000

HsV

10000

TcV

5000

16.8

0
0

Replicates

ng/ml

Mean

SD

1

727

1030

639

799

205

5

1186

1166

1366

1239

110

1

2122

2070

2205

2132

68

5

10038

10546

11740

10775

874

1

356

396

301

351

48

5

1195

1287

1389

1290

97

Nsv

%CV

Tcv

75000

25.7
8.9
3.2

Hsv

30

100000

ii.
Counts Eu

B. i.

10
20
Venom (ng/ml)

8.1

NsV

50000

HsV
TcV

25000

13.7
7.5

0
0

Replicates

ng/ml

Mean

SD

1

1436

1727

1498

1553

153

5

1711

1762

2851

2108

644

1

50

-1233

-439

-541

648

%CV

5

1600

1822

2132

1851

267

1

2189

2619

2362

2390

216

5

11695

11674

14583

12650

1673

30

20000

9.9

Nsv

Hsv

25000

ii.

30.6
>100
14.4

9.0

Tcv

Counts Eu

C. i.

10
20
Venom (ng/ml)

NsV

15000

HsV
TcV

10000
5000

13.2

0
0

10
20
Venom (ng/ml)

30

Figure 4.4 Differentiation of tiger- snake group venoms on dDELFIA. Pooled NE human serum
spiked with 1 or 5ng/ml of Nsv, Hsv and Tcv and subjected to A. Nsv dDELFIA, B. Hsv dDELFIA and
C. Tcv dDELFIA. (i) Replicates (in counts), mean, Standard deviation (SD) and % coefficient of
variation. All counts (Eu) reported are above blank values. Highlighted are venoms on respective venom
DELFIA. (ii) Corresponding titration of Nsv, Hsv and Tcv on each dDELFIA, showing residual crossreactivity.
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4.3.3 Differentiation of species in envenomed human patient
serum samples
Samples from 11 human patients were available for analysis by dDELFIA, in which the
species responsible was definitively known. All were bitten by snakes of the tiger snake
group (4 Hs; 5 Tc; 2 Ns). Diluted patient samples were analysed by dDELFIA in
triplicate, values corrected with appropriate serum blank and averaged, summarised in
Table 4.6. Seven of eleven tested gave sufficient counts to identify the species
responsible; 2 of 4 were confirmed Hs; 5 out of 5 confirmed Tc and 0/2 Ns patients
could be confirmed by this assay.

Table 4.6 Differentiation of tiger snake envenomed patient serum.
Anti Nsv
Known
species

Patient
ID

Mean
counts

Anti Hsv

SD

%CV

Mean
counts

SD

Anti Tcv
%C
V

Mean
counts

SD

%CV

My

2446.83

178

7.3

8006.50

211

2.6

2938.67

323

11.0

Hs

Th

-1692.50

58

-3.4

-65.50

9.29

-14.2

356.00

308

86.5

patients

R

454.17

123

27.0

24.50

3.79

15.5

581.33

273

46.9

S

448.50

106

23.7

7116.83

500

7.0

4797.00

171

3.6

C

529.17

151

28.4

588.50

45.1

7.7

5821.33

674

11.6

F

734.83

122

16.6

864.17

6.03

0.7

7942.00

368

4.6

Tc

M

600.50

222

36.9

669.83

29.6

4.4

10196.67

480

4.7

patients

W

983.83

319

32.4

1209.50

85.5

7.1

14113.00

1463

10.4

Ken

-875.83

144

-16.5

178.50

39.5

22.1

1228.00

673

54.8

Ns

P

1185.50

211

17.8

407.17

80.1

19.7

1774.00

918

51.8

patients

An

108.17

112

>50

7.83

33.1

>50

645.67

306

47.4

Known envenomed patient serum samples (pre-antivenom) were diluted 1:10 in
PBS and subjected to dDELFIA. Mean counts derived from triplicates on
respective assay and above serum blank value. Highlighted values indicate clear
differentiation between snakes responsible.
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4.3.4 Venom levels detected in serum samples
Due to the limited supply of both human and animal patient serum, careful selection of
samples was undertaken to ensure that each sample was tested in as many possible
respective venom assays. It was necessary from a statistical perspective to dilute
samples to give appropriate numbers of replicates to verify the result. Depending on the
sample volume available, serum was diluted 1:2, 1:5 or 1:10 with NE serum blanks
diluted accordingly. Table 5.7 indicates samples tested and when each was collected
through the course of treatment (pre- or post-AV).

4.3.4.1 Tiger group venoms in human patients
Of the three Notechis envenomed patients, low venom was detected in 2 with levels an
average of 7.4ng/ml and venom not detected in 1 patient (An). Hsv was detected in 3 of
4 patients (1.7 to 70ng/ml, mean 39ng/ml, SD 34.55) tested. In two Hsv patients, where
pre and post AV serum samples were available (My and S), 70ng/ml and 45.4ng/ml
respectively were detected in pretreatment samples with none detectable after AV
administration. Hsv was undetectable in one patient (pre-AV) and found in low
concentrations (1.76ng/ml) in patient Th2 after AV treatment (Table 5.4). Highest
venom levels observed were in Tc patients where venom was detected in 7 of 7
confirmed patients (16.6 to 89.25ng/ml, mean 46ng/ml, SD 23), for 5 of these patients
only pretreatment samples were available. No venom was detected post AV in any Ns
or Tc patient samples. Mean counts (Eu) of sample replicates, standard deviations and
levels detected are summarised in Table 4.7.
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Table 4.7 Crude (Tiger group) venom concentrations detected in
human patient serum samples.
Sample
Type

Mean1

SD

%CV

Venom
level

x DF 2
(ng/ml)

1

Pre AV

13414

2832

21.11%

1.65

8.23

2

Post AV
Pre AV

ND
9355

248

2.66%

1.13

5.67

Post AV

ND

508

1.59%

13.99

69.96

18014

1124

6.24%

7.84

39.22

58723

3622

6.17%

25.76

51.52

5

0.50%

0.35

1.76

-

-

Patient
ID
A.

Sample
#

P
P
Ms

1

Ms

2

An

1

Pre AV

ND

An

2

Pre AV

ND

An

3

Pre AV

ND

An

4

Post AV

ND

My

2

Pre AV

31984

My

4

Post 3 AV

ND

1

Pre AV

Notechis sp.
Patients
LoB: 0.07ng/ml
(402 counts)
LoD: 0.2ng/ml

Ave3

-

B.
H.stephensii
Patients

S
S

LoB: 0.18ng/ml
(168 counts)
LoD:
0.21ng/ml

S

2

Post 1 AV

ND

Th

1

Post AV

996

R

1

Pre AV

ND

R

2

Post 1 AV

ND

C

1

Pre AV

109,269

575

0.53%

4.91

24.55

76,339

2,238

2.93%

3.26

16.30

1

Pre AV
180,806

6,967

3.85%

8.49

16.99

-

45.37

C.
H
H

T.carinatus
Patients
LoB: 0.2ng/ml
(245 counts)
LoD:
0.25ng/ml

16.64

F

1

Pre AV

179,608

10,210

5.68%

8.43

42.17

F

2

Pre AV

228,651

18,143

7.93%

10.89

54.45

-

F

3

Post AV

ND

M

1

Pre AV

118,256

5,824

4.93%

5.36

26.80

-

213,024

13,497

6.34%

10.11

2

Pre AV

50.54

372,208

18,080

4.86%

18.08

36.17

M
M

43.35

W

1

Pre AV

367,520

37,284

10.14%

17.85

89.24

Men

1

Pre AV

290,106

23,970

8.26%

13.97

69.85

Men

2

Post AV

200,295

11,054

5.52%

9.47

47.35

467,043

4,217

0.90%

22.83

45.67

Ken
Ken

1

-

ND

Pre AV

46.50

Tiger snake group venom (ng/ml) detected in serial patient serum samples by
respective qDELFIA. A. N.scutatus patients, B. H.stephensii patients and C.
T.carinatus patients.1 Mean counts above serum blank derived from at least 3
replicates, 2 Dilution factor of either 2, 5 or 10, depending on sample volume
available, *** Average level from samples assayed at two dilutions. ND = Not
detected.
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4.3.4.2 Ptv and PtPA Detection
Human and animal brown snake envenomed patient samples were assayed to quantify
crude venom (Ptv) alongside PtPA. High levels of Ptv were detected in all but 2 patients
(Table 4.8).
Humans
As shown in Table 4.8, in human victims (serum only), 40 to 195ng/ml (mean 101.5,
SD 64.25) of crude venom was observed, all in pre-treated samples. Post treatment
samples were available for only 1 patient, with no detectable crude venom present.
PtPA was detected in 3 patients. In the human patient L, where 43ng/ml of crude Ptv
was detected in pre-AV serum, no PtPA was detected. Post-AV samples (L4 to L6)
indicated the presence of low levels of PtPA, however concentrations were below the
LoD with CV (%) between replicates greater than 10%. These results could therefore
not be considered valid. In patient PAR, high crude venom (195ng/ml) was detected but
no PtPA. A moderate level (46.8ng/ml) of PtPA was detected in patient Wyn,
correlating concentrations of crude Ptv detected (144.35ng/ml). In one human patient
(Jen1), we observed unexpectedly higher levels of PtPA (166.15ng/ml) than crude
venom (121.3ng/ml).

Domestic Animals
In dog and cat serum samples (Table 4.8), crude serum Ptv concentrations were; low in
3 patients (C1 & 4: < LoD, Sn: 6.1ng/ml and G2 - post ½ AV: 9.75ng/ml), moderate in
4 patients (K1: 34ng/ml, Q1: 94ng/ml, A2: 36ng/ml and B1: 63.5ng/ml) and high in one
(P1: 235ng/ml). When moderate to high levels of crude Ptv was detected in pre-AV
serum, correspondingly high levels were detected in urine; 2 pre-treated urine samples
(P2: 546ng/ml, A1: 344ng/ml) and 2 post AV samples (K3 – post 2 AV: 488ng/ml, G1
– post ½ AV: 584ng/ml). Low to moderate Ptv levels were observed in urine after AV
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treatment in 3 patients (K5 – post 4 AV: <LoD, C3 – post AV: 8.7ng/ml and A3 – post
½ AV: 51.8ng/ml). Interestingly, in 6/8 animal serum samples (exceptions: Q1 and B1),
a similar detection pattern was observed to human patient Jen, where higher levels of
PtPA were detected than crude venom (Patients K1, P1, A2 and G2). Serum levels of
PtPA in these 4 patients (142.6ng/ml, 555.7ng/ml, 442.2ng/ml and 158.4ng/ml
respectively) were markedly higher than Ptv levels (34ng/ml, 235ng/ml, 36ng/ml and
9.75ng/ml respectively). No PtPA was detected in urine samples despite the high levels
of crude venom detected.

4.3.4.3 Crude Nav and Notexin in domestic animal patients
Antibodies developed to detect Nav and notexin were prepared against venom from a
species of snake found in Western Australia (Black tiger snake). For this reason, only
animal patient samples (WA origin) were subject to crude Nav and notexin detection.
Domestic dogs and cats envenomed by tiger snakes (as determined by VDK) had crude
venom and notexin quantified by respective qDELFIA. The post mortem serum sample
collected from patient Rag was found to contain moderate amounts of circulating crude
venom (22.45ng/ml) and the level of notexin in the diluted serum giving a concentration
below the LoD. Low to moderate levels of crude venom were detected in 5 patient
serum samples (4-17.15ng/ml, mean: 12.75ng/ml, SD: 5.6) with one sample giving a
positive result, below the LoD (sample H1). Moderate levels were also detected in urine
(17.4 to 35.3ng/ml, mean: 20.48, SD: 11.95). Notexin was only detectable in urine of
2/5 patients (N: 14.5ng/ml pre-Av and 16.5 ng/ml post 2 AV and D: 23.5ng/ml pre-AV
and 16.28ng/ml post 2 AV) and was undetectable in all serum samples. Mean counts
(Eu) of triplicates, standard deviation, % coefficient of variation and levels detected in
each sample are presented in Table 4.9.

143

Human patient samples

Patient
ID
L

Par
Wyn

Canine

C

Sn
P

Q
A

Feline
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Domestic animal patient samples

Jen
K

B
G

Sample
#

Sample type1

Mean2

Crude P.textilis venom detection
SD
%CV
Venom 3
level

x DF 4
(ng/ml)

Mean

P.textilis PA detection
SD
%CV
Venom
level

x DF
(ng/ml)

1

S - Pre AV

24562

566

2.30

8.6

42.99

ND

2

S - Pre AV

24480

167

0.70

8.57

42.83

ND

3

S - Post AV

ND

ND

4

S - Post AV

ND

913

557

61.00

2.15*

4.29

5

S - Post AV

ND

483

754

156.00

1.37*

2.75

6

S - Post AV

ND

1553

462

29.70

3.29*

6.58

1

S – Pre AV

52776

S – Pre AV

257

8.52

4.68

46.8

S – Pre AV

1

2209

4.20

19.43

194.34

ND

42693

750

1.80

15.56

155.61

3012

74152

3206

4.30

27.64

133.1

NT

S – Pre AV

33754

541

1.60

12.13

121.3

8983

458

5.10

16.62

166.15

1

S - Pre AV

11879

267

2.25

6.81

34.03

13594

1521

11.19

28.51

142.57

2

S - Post 2 AV

ND

3

U - Post 2 AV

75933

4

S - Post 4 AV

ND

5

U - Post 4 AV

1

530

1.00

111.13

555.67

136

2.16

13.23

66.14

1428

3.38

88.44

442.20

38

3.26

2.50

12.51

490

3.24

31.68

158.40

1

ND
3257

4.29

48.78

488

ND

245

10

4.27

-0.82

low

ND

S - Pre AV

1366

833

60.97

-0.08

low

ND

2

U - Pre AV

2103

42

2.00

0.40

4.00

ND

3

U - Post AV

2814

73

2.58

0.87

8.66

ND

4

S - Post AV

396

53

13.32

-0.72

low

ND

1

S - Pre AV

3363

353

10.49

1.22

6.12

ND

1

S - Pre

73221

665

0.91

47.00

235

53088

2

U - Pre

84815

4390

5.18

54.60

546

ND

3

S - Post 4

ND

1

S - Pre AV

30196

587

1.94

18.81

94.04

6288

1

U - Pre AV

53973

839

1.55

34.39

344

ND

2

S - Pre AV

12495

146

1.17

7.21

36.05

42239

3

U - Post 1 AV

9397

182

1.94

5.18

51.79

ND

4

S - Post 2 AV

ND

5

U - Post 2 AV

ND

1

S - Pre

2

S - Post 2

1
2

U - Post 1/2 AV
S - Post 1/2 AV

ND

ND

ND
ND

20893

679

3.25

12.71

63.56

1161

454

135

29.80

-0.68

low

ND

90599
4470

1765
353

1.95
7.91

58.39
1.95

584
9.75

ND
15108

Table 4.8 Crude P.textilis venom and PtPA detection in envenomed patient samples. P. textilis venom and PtPA (ng/ml) detected in serial patient serum
samples by respective qDELFIA. 1 Sample type; S = serum, U – urine, Pre- Pre treatment, Post antivenom (AV) treatment, number represents number of vials
administered, 2 Mean counts Eu above serum blank, derived from at least 3 replicates, 3 Calculated using linear regression equation of standard curve * result
< LoD, 4Dilution factor of either 2, 5 or 10, depending on sample volume available, ND = Not detected.
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Crude N.ater niger venom detection

Canine

145
Feline

SD

%CV

Venom
level3

x DF4
(ng/ml)

Mean

SD

%CV

Venom
level

x DF
(ng/ml)

S – PM, No AV

69180

913.4

1.32

2.25

22.45

2390

263.5

11%

1.1*

11.08

1

U - Pre AV

82894

3267

3.94

1.74

17.39

402

42

10.40

1.45

14.49

2

S - Pre AV

81748

3565

4.36

1.71

17.13

ND

3

U - Post 2 AV

99660

1204

1.21

2.13

21.26

598

93

15.62

1.66

16.60

4

S - Post 2 AV

81566

3565

4.37

1.71

17.08

ND

5

U - Post 4 AV

ND

ND

6

S - Post 4 AV

ND

ND

1

S - Pre AV

ND

ND

2

S - Post 1/2 AV

1

U - Pre AV

160519

10207

6.36

3.53

35.31

ND

2

S - Pre AV

24804

714

2.88

0.40

3.98

ND

3

S - Post 4 AV

ND

ND

4

S - Post 6 AV

ND

ND

5

S - Post 7 AV

ND

ND

6

S - Post 8 AV

ND

ND

7

U - Post 8 AV

1

U- Pre AV

5842.85

>100

2.35

23.51

2

S - Pre AV

3

U - Post 2 AV

94189

47.51

3.74

1.63

16.27

4

U - Post 2 AV

ND

ND

5

S - Post 3 AV

ND

ND

6

S - Post 8 AV

ND

ND

7

S - Post 8 AV

ND

1

U - Pre AV

8157

2

S - Pre AV

ND

ND

3

U - Post 2 AV

ND

ND

Sample
#

Rag
N
N
N
N
N
N
O
O
R
R
R
R
R
R
R
D
D
D
D
D
D
D
H
H
H

1

Sample type1

Notexin detection

Mean2

Patient
ID

ND

ND

ND
131764

ND
6154.13

4.67

2.87

28.67

5749

3146.06

3.34

2.00

20.00

1271

ND

ND

ND
211.05

2.59

0.10

1.00*

ND

Table 4.9 Crude N.ater niger venom and Notexin detection in envenomed patient samples. Nav and notexin (ng/ml) detected in serial patient serum
samples by respective qDELFIA. 1 Sample type; PM, Post mortem, no antivenom, S = serum, U – urine, Pre- Pre treatment, Post antivenom (AV) treatment,
number represents number of vials administered, 2 Mean count Eu above serum blank, derived from at least 3 replicates, 3 Calculated using linear regression
equation, 4Dilution factor of either 2, 5 or 10, depending on sample volume available, ND = Not detected or < LoD. * Figure is at the LoD.
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4.4 Discussion
This work has described the development of DELFIA assays that can differentiate the
tiger snake group venoms and quantify various Australian elapid venoms; P.textilis
derived prothrombin activator (FV-like subunit) and notexin (Notechis spp.) in
envenomed patient samples. Since a variety of sample matrices may be available for
assessment (human, feline and canine), a number of different sample matrices (BSA in
PBS, serum, and Urine) were examined.

4.4.1 General assay development, issues and troubleshooting.
Optimal antibody pair combinations were initially investigated using a large panel of
reactive mAb clones and pAbs by ELISA. Those with highest reactivity and lowest
background were then tested by DELFIA. Some pairs worked well by ELISA but gave
unacceptably high backgrounds by DELFIA. Generally, pAb/pAbBiotin combinations
resulted in low background levels and subsequently excellent sensitivities between 0.121.15ng/ml (Table 4.1). The mAb/mAb pair B148.3 and B146.4 gave no result,
indicating that these antibodies bind the same (or close) epitopes. Antibody pair B139.7
and B146.4-biotin used for PtPA detection, although giving a relatively high
background (LoB: 1.4ng/ml) offered a LoD (sensitivity) of 4.35ng/ml. As there was
only one mAb detecting notexin, a combination was set up with a biotinylated (antiNav) pAb for detection in our notexin qDELFIA. High backgrounds due to non-specific
interactions have been widely reported in venom detection assays [41, 177, 180]. One
advantage of DELFIA technology is the ability to eliminate (or greatly minimize) the
effect of background fluorescence [253]. For this project, diluted pooled (normal) NE
serum gave reliably low baseline levels in most cases and therefore was used to generate
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LoB values and to correct patient samples, titrated standards and spiked low level
samples.

Unlike standard EIA techniques, the DELFIA requires the use of a plate shaker,
specialised assay buffers and large quantities of wash buffer. The enhancement solution
antibody must be filtered just before addition to the plate and air bubbles must be
removed prior to reading in plate reader. Despite these precautions, a number of hot
wells still occurred over the course of this study, as has been reported by others [253].
The majority of these hot wells however, were easily identifiable and subsequently
excluded from analysis. DELFIA results are expressed as TRF counts and assay cut-off
values (LoB) equal to 1.5 times the standard deviation of negative controls (for all
matrices noted above). In this study, the LoB was defined as the concentration of
analyte at which we start getting positive results, and the LoD defined as the
concentration of analyte at which the assays will give a reliable positive result. Results
between below the LoB in this work are reported as „not detected‟ and those between
the LoB and LoD reported but are not reliable (i.e. in a range where not reliably
detected if repeated 20 times).

Although others have noted the simplicity of direct Eu conjugation of detection
antibodies [253], in this work it was found that complete removal of unbound Eu tag
was difficult and time consuming, requiring several passes over a gel filtration column.
Unlike standard EIA techniques, DELFIA doesn‟t offer the advantage of a visual colour
change at its endpoint and is therefore inappropriate for bedside diagnosis, restricted to
lab-based applications. It is however, a useful tool for laboratory based retrospective
analyses of patient samples.
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4.4.2 Assay sensitivities
Due to the generally low venom levels found in human victims, detection assays must
be highly sensitive. Many have developed immunoassays for the detection of snake
venoms, reviewed in detail in Chapter 2.8. No studies however, have described the use
of DELFIA technology for venom detection. Few sensitive EIA assays have been
reported for the analysis of human victims of Australian snake bite. Cox et al., (1992)
[181] developed rapid EIAs to detect all major Australian snake venoms (including: Ptv,
Nsv and Osv) in saline with sensitivities of 2.5ng/ml. Similarly, O‟Leary et al., (2006)
[41] measured Ptv levels in envenomed patient serum using chicken IgY antibodies to
Ptv in an ELISA system, with a sensitivity (LoD) of 3ng/ml. The Ptv-DELFIA
described in this study, using a biotin-avidin detection system offers a 4-fold increase in
sensitivity than those previously published (LOD: 0.56ng/ml). Detection limits for Tiger
snake group venom (Na, Ns, Hs and Tc) qDELFIA systems were similarly low,
between 0.05 and 1.15ng/ml (Table 4.4), equating to 5 to 115 pg per 100l of sample
able to be detected.

4.4.3 Differentiation of tiger snake group venoms
It is well established that closely related snake species share common antigens [254258], proven among Australian elapids by many groups [14, 15, 100, 165]. Attempts
made to develop species specific ELISA systems worldwide have demonstrated that
cross-reactive antigens can lead to ambiguities and sometimes errors in species
diagnosis [177, 250]. The similarities in clinical presentation of tiger snake group
envenomings combined with the current inability to differentiate their venoms using the
commercial VDK has raised questions regarding the clinical syndromes resulting from
bites from each of the related species. The cross-reactivity observed is largely a result of
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the use of partially purified pAbs in the diagnostic VDK [100, 193]. The production of
species specific antibodies to differentiate between the closely related tiger snake group
was crucial for this project and a number of approaches were undertaken. First, single
venom components were selected from SDS-PAGE resolved venoms for immunization
and to develop mAbs. Although two mAbs (25.8 and 4E4.9) showed excellent
specificity by indirect ELISA and western blot (Figure 3.10), when developed into a
direct sandwich ELISA and DELFIA, showed residual cross-reactivity, rendering them
inappropriate for species differentiation. In addition, their ability to identify specific
venom components would rely on the fact that their respective venom toxin is present in
serum in high enough amounts (>LoD) to be detected, which may be less reliable (i.e.
less sensitive) than polyclonal antibodies recognizing multiple venom components (thus
providing greater overall binding).

Affinity-purified venom specific pAbs were then developed. N.scutatus and T.carinatus
venoms showed the highest cross-reactivity and were cross-affinity purified giving
greater specificity (Figure 3.11). A similar methodology was successfully adopted by
Dong et al., (2003) [172], where four common Vietnamese snakes (2 pit vipers, King
Cobra and Cobra) were distinguishable in various sample matrices with detection levels
of 0.2 to 1.6ng/ml by ELISA. In this DELFIA system, although generated sspAbs gave
greater specificity between species, the high background resulted in lower sensitivities
(3 and 4 ng/ml for Nsv and Tcv dDELFIA respectively). The sspAbs were prepared by
collecting the unbound IgG fraction from each venom column; it is possible that small
amounts of venom eluted from the column by non-specific interactions, which gave rise
to the higher background. When using ss-Tcv IgG to capture venom (i.e. bound to
plate), the baseline level was twofold higher than when used as detection Ab (data not
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shown). As a capture Ab, if venom is already bound to the ss-Tcv IgG then the
detecting IgG will bind the venom and give a higher background. However, when used
to detect, the result would be a general reduction in venom detection because binding
sites are already occupied.

The inability to differentiate the Notechis sp. envenomed patients was a result of several
factors. One major limitation of this work was the minimal sample volumes of sera
available, in some cases, only 100 to 200l. To ensure that each measurement was
statistically significant, replicates were required and samples had to be diluted. Nsv
levels detected in all 3 Nsv patients (Ach, An and P) were below the level of detection
of this assay (3ng/ml). Similarly, 2 Hsv patient samples were unable to be differentiated
and had undetectable venom levels. Interestingly, deliberately spiked serum could be
clearly differentiated at venom concentrations below the stated <LoDs (Figure 4.4).
This disparity between spiked and actual samples may be due to the fact that crossreactive IgG from crude anti-Nsv and anti-Tcv IgG preparations were removed while
generating the sspAb. Although the species-specific venom components are present in
the deliberately spiked crude venom samples, these components may not be circulating
in envenomed patient serum and therefore not detectable in this system.

Shown previously (Figure 3.11D), the anti-ssNsv pAb binds predominantly to LMW
(15-25kDa) venom components, which, in this work has been found not to be present in
the serum of animal patients. The assay may be more successful at differentiating
venoms from patient urine in these cases. On the other hand, the anti-ssTcv pAb binds
predominantly to procoagulant components (~50kDa, Figure 3.11B) which we have
shown is present in high moderate-high amounts in serum, enabling these patients to be
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species confirmed. Despite the difficulties, 7 of 11 patients (5 Tcv & 2 Hsv) were able
to be successfully differentiated, with the snake responsible identified. Generating
species-specific venoms (as opposed to antibodies) by purifying crude venom
preparations against heterologous antibody columns for subsequent immunizations may
prove a better approach giving greater specificity and sensitivities for polyclonal
antibodies [174]. This assay system required confirmation in cases where the snake
species responsible was definitively known. For the purpose of this project, only a
small pool of patients was available for testing and the system requires validation in a
larger number of cases.

4.4.4 Venom levels detected
All human patients included in this project presented with VICC (Table 5.2), an
indication of significant envenoming, in one patient, MAHA was also noted (P.textilis
envenomed). One patient died as a result of brown snake envenoming with other
clinical signs of Ptv envenoming manifesting as neurotoxic effects in one patient and
cardiac arrest in another. Four patients showed non-specific systemic effects to tiger
snake group envenomings (2 x H.stephensii and 2 x T.carinatus). Myotoxic effects were
reported in only one patient (Tcv). Venom was detected in 17/19 of these patients. Of
the 13 animal patients (8 dogs, 5 cats), 10 showed paralytic signs and only 6 were
coagulopathic (Table 5.3) and venom was detected in 11 (Tables 5.8 and 5.9). Venom
concentrations observed were highest in brown snake patients (human: 40 to 195ng/ml;
dog: 4 to 488ng/ml; cat: 9.5 to 584ng/ml), moderate in rough scaled and Stephens‟
banded snake envenomings (human: 16 to 89.25ng/ml and 1.5 to 70ng/ml respectively)
and lowest in Tiger snake envenoming cases (human: 0.2 to 8.25ng/ml; dog: 4 to
35.3ng/ml; cat: 0.14 to 28.7ng/ml). Ranges of venoms detected correlate with those
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previously seen in Ptv envenomed human patients (8 to 95ng/ml) [41] but higher than
those detected in serum of patients envenomed by common snakes in South Vietnam
(mean serum level of 14.46ng/ml, n=41) [172]. In all cases, pooled, non-envenomed
human serum was used to determine background levels after being used to determine
levels of blank and detection..

Dubious result arose in the high PtPA serum levels, higher than crude venom serum
concentrations (Figure 4.8). One would generally expect to find lower amounts of an
individual venom toxin than whole venom. To verify this result, non-envenomed canine
serum was deliberately spiked with crude venom at various concentrations. In each case,
PtPA detected was always lower than crude venom levels (data not shown), indicating
that changes or processing of venom toxins in the victim affects how it is recognized by
the mAbs used for their detection. It is pertinent to note here that the pAbs used for
crude Ptv detection recognize the whole array of proteins in the crude venom mixture;
PtPA is estimated to be only 30-40% of the crude mixture [43, 259]. On the other hand,
the mAbs were rigorously selected for their ability to recognize various forms of the
FVa-like subunit of PtPA (native, denatured and reduced), more likely to detect
processed protein than the prepared pAb. These results also suggest that some toxins
(LMW) may be distributed more widely outside the circulation, therefore at
undetectable serum concentrations, with higher MW coagulopathic components
remaining in the circulation. The specificity of the produced pAbs requires further
investigation to explain why PtPA levels detected are higher in some patients that crude
Ptv.
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A disparity emerged in the presenting signs in envenoming in humans and animals. 1 of
19 human patients as compared to 10 of 13 animal patients showed signs of
neurotoxicity while all humans displayed VICC and only 6 out of 13 animals.
Interestingly, this work has described the detection of in vivo PtPA serum
concentrations higher than whole concentrations, though not the case with deliberately
spiked samples. It is an intriguing finding for which one possible explanation is in vivo
processing of venom PtPA perhaps exposing additional binding sites recognisable by
the mAbs but not the pAbs. This is consistent with recent studies showing that PtPA
may be deactivated within 30 minutes or so in vivo [127]. It is also possible that a
species difference exists in the way PtPA is processed in human and animal patients,
highlighting an area for investigation with a larger number of cases. It is possible that
several mechanisms are acting synergistically resulting in the ability of dogs and cats to
inactivate certain procoagulant venom toxins, leaving them less susceptible to these
effects. Each of the brown snake envenomed animal patients with high levels of serum
PtPA showed moderate to severe coagulopathies. Another explanation lies in the
susceptibility of different animal species to various venom induced coagulopathies. The
close homology in sequence and function of Australian snake venom procoagulants and
their human homologs have been extensively studied [45, 157, 159, 260] but feline and
canine proteins have not. Dog and cat proteins, most likely the substrate of snake venom
PAs, prothrombin, may differ in such a way that venom enzymes do not bind as
efficiently as they do to human proteins. Although these disparities have been noted in
the literature, the mechanisms behind the different species susceptibility to various
venom toxins have not been defined and require elucidation.

High concentrations of crude venom was observed in urine (pre and post AV treatment)
of both brown and tiger envenomed dogs and cats suggests early filtration into the urine
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(and/or excretion by the convoluted tubules) of specific venom components. The failure
to detect PtPA in the urine was expected, as these components are too large to cross the
basement membrane of the renal glomerulus. Preliminary western blot analyses (data
not shown) of patient urine samples suggest that components being secreted are
predominantly low molecular weight components (5 to 20kDa).

Results presented in Chapter 3 show that the anti-PtPA mAbs react with the larger nonenzymatic FV-like subunit (Figure 3.8), this work has not however, specifically mapped
reactive epitopes. Not knowing the exact mAb epitope makes it difficult to identify the
component being measured; more specifically whether the assay measures intact, active
PtPA or processed and inactive venom components. It is thought that mammalian FXa
and FVa molecules attach to negatively charged phospholipids on the surface of various
cell types, including monocytes, platelets, and endothelial cells [151] at a ratio of 1:1,
forming the prothrombinase complex [152, 155]. Assuming venom procoagulants
assemble in the same manner, the detection of one factor allows us to make inferences
about levels of the whole complex present. A mAb reactive to a site close to the active
site of this enzyme may elucidate what form this protein is in when detected by the
DELFIA assay described here.

4.4.5 Clinical Relevance of venom levels detected
In Australia, envenomed human patients with VICC receive antivenom in a median of
3.5 hours after the bite [239]. No methods described to date have detected circulating
free venom post antivenom treatment which, combined with in vitro studies of venom
neutralisation, support the clinical efficacy of commercial antivenom preparations [41].
Similarly in the data reported here, venom was undetectable by a „whole venom‟
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polyclonal assay after the administration of AV. The detection of low levels of PtPA
activity in one case post antivenom is of uncertain significance given the low readings
and high %CV for these triplicate results. Due to limited amounts of available sample,
these could not be repeated.

Antivenom efficacy is a complex area studied by many in Australia {Isbister, 2008
#601; Isbister, 2008 #480; Isbister, 2006 #592; O'Leary, 2007 #251; Sprivulis, 1996
#357; O'Leary, 2010 #643} and abroad [106, 209, 258, 262, 263]. Any preparation must
be assessed for its ability to neutralise a variety of venom toxins present in any species.
Whether or not antivenoms efficiently neutralise already bound pre- and post- synaptic
neurotoxic and myotoxic components in situ is yet to be confirmed and will be
addressed in more detail in chapter 5. The ability of a variety of Australian antivenom
preparations to bind brown snake venom components and inhibit procoagulant activity
has been investigated previously [41, 76, 79, 239] and will be addressed in more detail
in the following chapter.

Isbister, et al., (2008) [127, 239] reported that the current brown snake antivenom
treatment does not appear to reduce recovery time in severely coagulopathic patients
unless given immediately after bite, this being due to the 10-15 minutes half life of the
procoagulant toxin in the circulation. The persistence of coagulopathy (or delay in
recovery) is thought to result from the individual patient variability in time taken to
resynthesise clotting factors. The efficacy of commercial Australian antivenoms to
neutralise both neurotoxic and coagulopathic venom effects in vitro has been well
documented and generally, the prognosis after treatment is good. Clarification of the in
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vivo kinetics of Australian snake venoms and neutralisation by antivenoms however, is
still required.

The time from bite to treatment is often delayed in animals. In a study of 13 envenomed
cats and dogs in Victoria, the authors reported the approximate time since envenoming
was 1.4hr in dogs (n=6) and 13.5hr in cats (n=7) [64]. Barr, (1984) [67] also noted the
delay in presentation of cats when compared to dogs, consequently, coagulopathies in
cats may have had a chance to return to normal prior to admission. This may explain the
absence of coagulopathy in both tiger envenomed cats in this study. Only a handful of
veterinary studies exist reporting clinical features of envenoming in Australian dogs and
cats, all of which refer to tiger snake envenoming. One particular study of 240 (VDK
confirmed) tiger snake envenoming cases over a 10 year period found overall recovery
rates (after AV administration) were 90% for cats and 83% for dogs [67]. The same
study found that dogs treated soon after bite recovered more rapidly but saw no
correlations between bite-to-treatment and treatment to recovery in cats.

In this study, 6 out of 8 brown snake envenomed pets showed signs of
neuro/myotoxicity (3 severe; 2 dogs and 1 cat and 3 moderate; 1 dog and 2cats) and 4
out of 8 were coagulopathic (Table 4.3); moderate to high venom concentrations were
detected in all patients (Table 4.8). Of the five coagulopathic patients, all had detectable
(4 with high levels, 158.4 to 555ng/ml) PtPA in their serum prior to treatment. Patients
were given on average 2.2 vials of AV and all survived. In tiger envenomed pets, in the
4

patients

in

which

venom

was

detected,

all

suffered

moderate-severe

neuro/myotoxicity and only the two dogs were severely coagulopathic (Table 4.3). This
was also shown by Holloway and Parry, (1989) [64], where 5 out of 6 tiger envenomed
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dogs studied showed prolonged severe coagulopathy (prolonged increase in APPT and
PT) and only 2 out of 7 cats showed signs of coagulopathy, albeit mild. In this work,
neither

cat

showed

signs

of

coagulopathy

but

both

displayed

prolonged

myotoxic/neurotoxic venom effects (CK > normal beyond 40hrs), one died. Tissue was
collected from this patient and analysed by immunohistochemistry (discussed in chapter
6).

The lethal dose of tiger snake venom has been reported to be 0.1mg/kg for cats [264]
and 0.03mg/kg in dogs [265], with the lethal dose relating to the venoms neurotoxicity
rather than its procoagulant effects [64], which makes sense because paralysis will often
cause a rapid death whereas coagulopathy may cause little effect unless an intracerebral
haemorrhage occurs. Although, previous work has suggested that little difference exists
between the in vitro actions of procoagulant toxins of tiger and brown snake venom in
the blood of both dogs and cats [266], the in vivo effects have not yet been studied. Cats
are thought to be more resistant to the neurotoxic effects of Australian elapid venoms,
although this was not supported by observations in this study. Of the 2 tiger envenomed
cats observed, both showed severe and prolonged neurotoxic effects with no signs of
coagulopathy. In contrast, 2/4 dogs and all 3 cats showed signs of coagulopathy in
response to brown snake envenoming, suggesting that there may be a difference in how
these animal species respond to the two snake procoagulants.

4.5 Concluding remarks
In this chapter, the development of 9 DELFIA assays capable of measuring crude
Australian snake venoms (P.textilis, N.scutatus, N.ater, H.stephensii, T.carinatus) and
specific venom components (FV subunit of P.textilis PA and Notexin) in envenomed

157

(human and domestic animal) patient samples has been described. Species- specific
antibodies enabled the differentiation between tiger snake group venoms in patients
serum, with the snake responsible confirmed in 7/12 cases. Low levels of N.sp venom
was detected in both human (0.2 to 8.25ng/ml) and animal (4 to 35.5ng/ml) patients,
moderate levels of Hsv (1.7 to 70ng/ml) and Tcv (16 to 89.5ng/ml) in human patients
and high levels of Ptv in the serum of both sets of patients (Mean in humans:
101.5ng/ml and in animals: 68.4ng/ml). High levels of crude Ptv venom were detected
in the urine of domestic dogs and cats and elevated PtPA levels in their serum. All
animal patients with detectable PtPA in their serum showed clinical signs of
coagulopathic envenoming. There may be differences in the way dogs and cats respond
to the different procoagulants found in brown versus tiger snake venoms; however, this
must be confirmed in additional cases. Cats envenomed by tiger snakes (containing FXlike subunit only) showed no signs of coagulopathy but severe and prolonged
neurotoxic and myotoxic symptoms (n=2). All 3 envenomed by Brown snakes showed
coagulopathic clinical signs. This is contrary to previous in vitro studies showing little
difference between the two venoms in each of these species. The analysis of a larger
population of envenomed patients is required. This will allow us to clarify specific
clinical syndromes presented by each of these snakes in humans, dogs and cats and
make correlations between time since envenoming and severity, time to recovery as
well as assess antivenom efficacy and dosing in vivo.
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Chapter 5
Immunological
Characterisation of
Australian elapid venoms
159

5.1 Introduction
In previous chapters the successful development of a panel of antibodies and the use of
these to measure circulating venom in envenomed patients was described. The majority
of patients sampled for this work were treated with antivenom (AV) and in most
patients no venom was detectable after AV administration (Figures 4.7 to 4.9). There
are numerous manufacturers of antivenom in Australia, however only one manufacturer
of antivenom for use in humans, namely CSL Ltd (formerly Commonwealth Serum
Laboratories). There are a number of manufacturers of veterinary products, including;
Pfizer, Summerland Serums and Australian Veterinary serum Laboratories (AVSL).
The use of antivenom is somewhat controversial with respect to antivenom selection,
dosing and dose timing intervals, as reviewed in detail in Chapter 2. The current
treatment for all Tiger snake group envenomings is Tiger Snake Antivenom (TSAV)
and there have been reports of high levels (41%) of allergic reaction to this preparation
[104]. The immunological cross reactivity of antivenom preparations is clinically
relevant and requires elucidation. The efficacy and cross-reactivity of CSL
manufactured AVs have been extensively studied, many researchers have focused their
studies on the functional efficacy of AVs in respect to inhibition of coagulopathic [79,
108] and neuro/myo-toxic [9, 85, 110, 223] venom effects.

Similarly, AV preparations used to treat domestic animal envenomings vary. Those
enrolled in this study were treated with either a Tiger/Multibrown (T/MB) or
Multibrown AV manufactured by Summerland Serum (SS), NSW. Unlike the CSL
manufactured Brown Snake AV (BSAV), which is raised against one species of Brown
snake (P.textilis- a species of Brown snake found predominantly on the East coast of
Australia), the SS preparations (T/MB and MB) are raised against several species of
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Brown snake, including those inhabiting the Western coast of Australia. For this reason,
the SS MB is the preferred AV for veterinarians treating brown snake envenomings in
WA. The following chapter aims to therefore assess the efficacy of the currently
available AV preparations to bind and neutralise (inhibit clotting) clinically relevant
Australian venom toxins. The polyclonal antibodies (pAbs) developed (Chapter 3) to
detect Australian snake venoms and procoagulant toxins have been concentrated and
compared to the commercial preparation.

To be able to define the specific reactivity of the various AV preparations, it was
necessary to isolate and identify components from each of the venoms. The separation
of crude venoms by gel filtration is therefore described. The presence of procoagulant
components in each fraction was determined by their ability to clot human plasma.
SDS-PAGE coupled with Mass spectrometry was adopted to identify as many venom
proteins as possible. Recently, Birrel et al., (2006) [6], reported the diversity of
Australian elapid venom toxins using an in depth 2-DE, immunoblotting and MS
analysis approach. Venoms of P.textilis, O.scutellatus, N.ater niger, N.scutatus,
H.stephensii and T.carinatus were all resolved by 2D-PAGE and the majority of
resultant isolated protein spots identified. This knowledge became crucial in mapping
the venom toxins in this 1-DE system.

In this chapter, the separation of P.textilis, O.scutellatus, N.ater niger, N.scutatus,
T.carinatus and H.stephensii venoms by gel filtration is described and the constituents
of each isolated fraction investigated by SDS-PAGE, MS and their ability to induce
clotting. Resolution of procoagulant toxins in the 1DE system then enabled the binding
of various antivenom preparations to these bands to be assessed.

161

5.2 Materials and methods
5.2.1 Materials
Venoms: P.textilis, O.scutellatus, N.scutatus, N.ater niger, H.stephensii, T.carinatus
venoms and purified Prothrombin activators (PA) from Pt, Os and Ns were purchased
from Venom Supplies, Tanunda, SA (PtPA, NsPA and OsPA).
Antivenoms: Brown snake (BSAV, batch # 10201), Tiger snake (TSAV, batch 10401),
and Tigerbrown (TB, batch # 04301) antivenoms preparations were obtained from CSL.
Veterinary AV preparations were a kind gift from Summerland Serums (SS) and the
Murdoch

Pet

Emergency

Centre

(MPEC)

and

included

two

batches

of

SSTiger/Multibrown (ssT/MB, samples and batch TB408) and a Multibrown (MB,
batch # BV) preparation produced by Australian Veterinary Serum laboratories
(AVSL).

Superdex G-200 (XK16/70) column and Hybond-C nitrocellulose were purchased from
GE Biosciences, USA. Bovine serum albumin (BSA) was purchased from Sigma,
microtitre plates from Nunc and 30% Bis-Acrylamide from BioRad. Fresh frozen
human plasma was supplied free of charge by the Australian Red Cross Blood Service
(ARCBS) under agreement (Ref # 08-05WA-08) and approval of the UWA Human
Research Ethics Committee (HREC, Ref # RA/4/1/2082). Fresh frozen canine plasma
was kindly donated by MPEC.

5.2.2 Antibodies
The production and characterisation of a panel of monoclonal (mAb) and polyclonal
antibodies reactive to Nav, Nsv, Hsv, Tcv, Ptv, PtPA, NsPA and OsPA is described in
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Chapter 3. Those utilised for work in this chapter are summarised in Table 5.1. All
polyclonal antibodies were raised in New Zealand White rabbits and immunised with
respective venom over 5 months. High titre sera were pooled and purified over Protein
G-Sepharose affinity column. Resultant antibodies were concentrated, sterile filtered
and stored at -80ºC.
Table 5.1 Antibodies used for comparison to commercial antivenoms preparations.

Reactivity

Antigen

Preparation

N.ater niger venom (Nav)

Crude Nav

Rb anti-Nav IgG (5mg/ml)

N.scutatus venom (Nsv)

Crude Nsv

Rb anti-Nav IgG (5mg/ml)

H.stephensii venom (Hsv)

Crude Hsv

Rb anti-Hsv IgG (5mg/ml)

T.carinatus venom (Tcv)

Crude Tcv

Rb anti-Tcv IgG (5mg/ml)

P.textilis venom (Ptv)

Crude Ptv

Rb anti-Ptv IgG (2mg/ml)

P.textilis prothrombin activator

Purified PtPA*

Rb anti-PtPA IgG (2mg/ml)

Purified NsPA*

Rb anti-NsPA IgG (2mg/ml)

Purified OsPA*

Rb anti-OsPA IgG (2mg/ml)

(PtPA)
N.scutatus prothrombin
activator (NsPA)
O.scutellatus prothrombin
activator (OsPA)

Polyclonal rabbit antibodies reactive to various Australian elapid venoms and prothrombin
activating (PA) venom components (*Venom Supplies).

5.2.3 Separation of elapid venoms
The prepacked Superdex G-200 column (Prep Grade, XK 16/70, GE Biosciences) was
prepared as described by the manufacturer. After flushing with 5 column volumes of
running buffer (0.1M Tris, 0.5M NaCl, pH 8.5), 2mg of venom (in 1ml) was injected
into the column using a BioRad Biologic Liquid Chromatography system. Each venom
was passed over the column at a flow rate of 0.1 or 0.2ml/min and fractions collected as
UV absorbance (at 280nm) rose above 0.01. Each fraction was aliquoted and stored at -
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80ºC until required for further analysis. The column was thoroughly stripped and
flushed between venom runs.

All fractions (15µl/lane) were run on a 15% SDS-PAGE under both reducing and nonreducing conditions. Gels were subsequently silver stained (Appendix 5.1) and selected
bands were excised and submitted for Mass spectrometry analysis. Protein
concentration of each fraction was determined using a BCA protein determination kit
(Sigma Aldrich).

5.2.4 Characterisation of venom proteins
As this chapter is focused on the procoagulant effects of these venoms, each fraction
was assessed for its procoagulant ability by measuring the time each took to induce
clotting of human plasma.

5.2.4.1 Human plasma clotting assays
Based on BCA results, the protein concentration of each fraction was determined.
100ng of each fraction was subjected to human plasma clotting assay as previously
described by O‟Leary and Isbister, (2009) {O'Leary, 2010 #711}. Instead of the initial
fibrin strand being detected visually, the formation of the clot was measured by an
increase in turbidity over a period of 40 minutes at 340nm. This is a turbidimetric
plasma assay, and this wavelength has previously been employed to measure the
dissolution of clots in human plasma [268] and showed a distinct absorbance change
upon clot formation in preliminary testing. 100ng of crude venom or venom fraction
was adjusted to 200µl with blocking buffer (0.5% BSA in PBS) and each (in duplicate)
transferred to a 96 well microtitre plate (Nunc). Fresh frozen plasma was re-calcified
with 0.2M CaCl2 (50µl/ml of plasma), mixed gently and immediately added to venom in
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plate. The absorbance of each well was measured at 340nm for 40 minutes (85 cycles),
reading each well every 15 to 30 seconds depending on the number of samples tested in
each run on Victor 3 Multiplate reader (Perkin Elmer, USA). All data was corrected for
by the average absorbance generated by the plasma alone control, which did not clot
through the duration of the experiments. Duplicate data was averaged to give a clot time
in seconds for each fraction.

5.2.4.2 Mass Spectrometry Analysis of venom bands
Venom fractions were resolved on a 15% SDS-PAGE. A second gel with crude venoms
was run simultaneously and both were silver stained using a MS compatible protocol.
Bands from the second gel corresponding to those in the isolated fractions were
submitted to Proteomics International for analysis. The method by which PI analysed
the excised gel bands has previously been described in detail (refer Chapter 3.2.8).

5.2.5 Immunological cross reactivity of procoagulant toxins
5.2.5.1 ELISA
Purified polyclonal antibodies (pAb) raised in rabbits against purified PtPA, NsPA and
OsPA were utilised for this assay (Chapter 4). Purified anti-PA IgG was used to capture
toxins and a biotinylated product to detect them with optimal working dilutions
established for each assay. Microtitre polystyrene plates were coated with one of antiPtPA, -NsPA or –OsPA (5µg/ml) in carbonate buffer (0.1M, pH 9.7) overnight at 4ºC.
Plates were washed and blocked for 1 hour at room temperature with 2% BSA in PBS
(300µl/well). 100ng/well of each fraction shown to contain procoagulant activity was
added to each assay and titrated at doubling dilutions in 0.5% BSA/PBS. After 1 hour,
samples were washed from the plate and biotinylated pAb added at 1µg/ml for a further
hour. Streptavidin-HRP (Sigma) was then applied to each plate for 45 minutes and
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reactions developed with an ABTS substrate solution. Absorbance at 405nm was
measured using a Victor 3 Multiplate reader (Perkin Elmer) after 15 minutes. Resultant
values were corrected using a BSA/PBS blank and graphed using Prism5 software.

5.2.5.2 Immunoblotting
Immunoblotting was employed to assess the immunological cross-reactivity of the
prothrombin activating enzymes from Pt, Ns and Os. Purified PtPA, NsPA and OsPA
(Venom Supplies) were treated with SDS-PAGE sample buffer under both reducing and
non-reducing conditions and resolved on a 15% SDS polyacrylamide gel [244]. Gels
were either silver stained or transferred at 100V to nitrocellulose on ice using a BioRad
wet transfer system. Membranes were blocked with 5% Skim milk powder (SMP) in
TBST (Tris buffered saline, 0.05% Tween20) overnight. Membranes were incubated
with purified rabbit IgG raised against each of the purified PAs (Chapter 4.2.6) and
detected with an anti-rabbit-HRP conjugate (Millipore). Reactions were developed with
the Chemiluminescence Reagent Plus (Perkin Elmer) and exposed to Kodak film for
varying times for optimal exposure. Radio-audiographs were scanned using Quantity
One software (BioLab Laboratories) and optimised using Image J Software 1.42q
(National Institute of Health, USA).

5.2.6 Antivenom Analysis
As the CSL produced TSAV is used to treat patients bitten by the closely related tiger
snake group, this antivenom was tested for its ability to neutralise the procoagulant
effects of each of these related venoms (Na, Ns, Hs and Tc) in human plasma clotting
assays. Similarly, each of the AV preparations used to treat brown snake envenomings
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in humans (CSL, BSAV) and animals (SS, T/MB; SS, MB; Pfizer, TB) were tested for
their ability to neutralise the procoagulant effects of venom from 3 species of brown
snake; the common, dugite and gwarder (Pt, P.affinis-Pa and P.nuchalis – Pn
respectively) in relevant species plasma (human and canine).

5.2.6.1 Inhibition of human and canine plasma clotting by
antivenom preparations
As described above, this protocol was modified from O‟Leary and Isbister, (2007)
{O'Leary, 2010 #711}, and differs from the above (5.2.4.1) in that venom/antivenom
mixtures were added to re-calcified plasma and measured on a multiplate reader rather
than observing each reaction visually. Serial dilutions (0 to 250mU) of each AV, based
on quoted activity by manufacturer were incubated with 100ng/ml of relevant venom for
30 minutes at 37ºC. Plasma was re-calcified with 50l/ml of 0.2M CaCl2 immediately
prior to the addition of venom/AV mixtures. Each mixture was added to 200µl of
citrated plasma (human or canine) kept at 37ºC. Turbidity was measured by a Victor 3
Multiplate reader as described above. Data was analysed and clot times determined (in
seconds) as the time at which the absorbance rose by 0.01. All reactions were measured
in duplicate and clot times are an average of duplicate wells. Times greater than 45
minutes were regarded as having infinite clot times with complete inhibition of
procoagulant venom effect noted. AVs were tested for their ability to inhibit clotting of
various venoms in both human and canine plasma, the combinations tested are
summarised in Table 5.2.
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Table 5.2 Antivenoms tested against various snake venoms for inhibition of clotting
function.

Human Plasma
CSL
Antivenoms
Venom
P.textilis

TSAV

H.stephensii
T.carinatus

Summerland
Serums

AVSL

TB

T/MB

MB

CSL
Antivenoms
TSAV

BSAV

Pfizer

Summerland
Serums

AVSL

TB

T/MB

MB

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

P.nuchalis

N.scutatus

Pfizer

X

P.affinis

N.ater niger

BSAV

Canine Plasma

X
X

Antivenoms: Commonwealth Serum Laboratories (CSL) Ltd; Tiger snake antivenom (TSAV),
batch # 10401, Brown snake antivenoms (BSAV), batch # 10201, Pfizer; Tiger brown (TB),
batch # 04301, Summerland serums; Tiger/Multibrown (T/MB), batch # TB408, Multibrown
(MB), batch # , AVSL; Multibrown (MB), batch BV. Combinations marked „X‟ tested.

5.2.6.2 Immunoblotting using Antivenoms
For antivenom binding studies, 15ug of each venom (Pt, Pa, Pn, Os, Na, Ns, Hs and Tc)
were resolved on a 15% SDS-PAGE and transferred and blocked as described above
(6.2.6). A venom gel was silver stained for comparison. Membranes were incubated
with each antivenom at a 0.5 Unit/ml in blocking buffer for an hour. After washing,
antivenom (horse IgG) was detected with an anti-horse IgG (whole molecule)-HRP
(Millipore).
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5.3 Results
5.3.1 Separation of venoms
The venoms of six Australian elapids (Pt, Os, Na, Ns, Hs and Tc) were separated by
size exclusion on a Superdex G-200 gel filtration column. Elution profiles generated for
each venom are illustrated in Figure 5.1 and the composition of each fraction resolved
by SDS-PAGE presented in Figure 5.2. For the Notechis species (Ns and Na), both
separated into 6 peaks, the predominant peak in both profiles composed mainly of low
molecular weight (LMW) components, 5 to 20kDa (Figure 5.1 and 5.2 ,A and B
respectively). The procoagulant components (approximately 50kDa) were isolated in
fractions Ns 1 and 2 and Na 2 and 3. The elution profile of T.carinatus venom most
closely resembled those obtained for the Notechis species, with one predominant peak
corresponding to LMW venom toxins (Figure 5.1, D and 5.2 F). Trocarin was isolated
in fractions T2 to T4. Tcv fractions were also run under both reducing and non-reducing
conditions, however, under non-reducing conditions, venom bands were too faint to be
visualised when scanned and are therefore not presented.
H.stephensii venom eluted with 2 high absorbance peaks equating to medium molecular
weight (MMW) toxins between 45 to 75 kDa (fractions 1-3) and smaller toxins at 20 to
28 and 5 to 15kDa (fractions 4 to 6). One protein resolved at approximately 70kDa in
fractions 1 and 2 reduced to a 28kDa subunit in the presence of the reducing agent 2ME (Figure 5.2C). Ptv was successfully resolved into high and low molecular weight
components eluting in 3 main peaks. Fractions 1 to 3 containing HMW toxins 120 to
200kDa, previously shown to be Pseutarin C, which under reducing conditions, are
visible at approximately 50kDa (Figure 5.2 D). The silver stained gel indicating that
fraction 5 to 6 contain predominantly LMW components with minimal HMW presence.
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Osv eluted into 4 main peaks but the resolution between peaks was poor. Fraction 1,
corresponding to peak 1 (Figure 5.1F) contained only HMW proteins, 50 to 200kDa
(Figure 5.2E). The predominant absorbance peak in this profile corresponds to an
abundance of LMW venom toxins and a small quantity of a 40 to 45kDa protein. Each
of the Hsv proteins above 45kDa reduced in the presence of 2-ME. The size of the
reduced products could not be estimated due to the abundance of other LMW
components.
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Figure 5.1: Superdex G-200 venom elution profiles. 2mg of each venom was passed over a
Superdex G-200 (XK16/70) column at indicated flow rate. Elution profiles presented as time
(mins, X-axis) against absorbance at 280nm (Y-axis) A. N.scutatus venom (0.2ml/min), B.
N.ater niger venom (0.1ml/min), C. H.stephensii venom (0.1ml/min), D. T.carinatus venom
(0.1ml/min), E. P.textilis venom (0.1ml/min) , F. O.scutellatus venom (0.1ml/min). Indicated
by dotted lines are fractions collected and their corresponding numbers.
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Figure 5.2 Superdex G-200 venom factions. Venom fractions run on 15% SDS-PAGE under non-reducing (left) and reducing (right) conditions and
silver stained. A. N.scutatus venom, B. N.ater niger venom, C. H.stephensii venom, D. T.carinatus venom (Non-reduced only presented), E. P.textilis
venom and F. O.scutellatus venom. Highlighted in boxes are fractions confirmed as containing procoagulant components, as determined by clotting
assays, MS analyses and knowledge of the literature.
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5.3.2 Characterisation of venom fractions
5.3.2.1 Clotting function
The procoagulant activity of venom fractions was measured by assessing the time each
took to induce thrombin formation (clotting) of human plasma in a turbidimetric plasma
assay. This was achieved by measuring the absorbance of plasma alone, plasma plus
venom, and plasma plus venom/antivenom mixtures at 340nm over 25 to 30 minutes.
This wavelength has previously been employed to measure the dissolution of clots in
human plasma [268] and showed a distinct absorbance change upon clot formation in
preliminary testing. Figure 5.3 illustrates a typical plasma clotting curve generated in
clotting assays at 340nm. Hsv alone (in blue) can be seen to induce clotting in 140
seconds and pre-incubation of venom with 50mU (20ug) of TSAV delayed clotting to
approximately 370 seconds. The plasma alone control shown not to clot for the duration
of this experiment. In all experiments, plasma alone controls did not clot prior to the
cessation of the experiment (>1500 to 1800 s).
0.6
0.5

Abs 340nm

0.4
0.3

Hsv alone

0.2

Hsv + 20ug TSAV
Plasma alone

0.1
0
0

200

400

600
800
1000
Time (seconds)

1200

1400

Figure 5.3 Typical clotting curve generated from the automated
(turbidimetric) clotting assay. Human citrated plasma was re-calcified with
CaCl2 (0.1M, 60µl/ml of plasma) and immediately added to 100ng H.stephensii
venom in PBS (blue) or 100ng Hsv in PBS pre-incubated with 20µg (50mU) tiger
snake antivenom (TSAV, CSL) for 30 mins (red). Absorbance monitored on a
Victor 3 Multiplate reader (Perkin Elmer) for 25 minutes.
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The protein concentration of each fraction was established using a BSA protein
quantitation kit so that 100ng total protein of each fraction was added to the human
plasma clotting assay. The resultant clot times are presented in Figure 6.4 with the
shorter clot times equating to high clotting activity. Indicated in each graph is a
horizontal line representing the clot time of 100ng of the respective crude venom.

On a protein concentration basis, the captured fractions of brown and taipan snake
venoms had greater effect on clotting time than fractions captured from tiger snake
group venoms, most likely due to the prothrombin activator class differences. The
brown and taipan venoms, being Group C procoagulant, contain complete FXa-FVa like
complexes where the tiger snake group, Group D procoagulants only contain the FXalike subunit. Fractions of Nsv, Nav and Tcv shown to contain clotting function by
inducing clotting of human plasma in an average of 50, 58 and 92.6 seconds
respectively, corresponded to those containing molecules at approximately 50kDa
(Figure 5.4 A, B and D respectively, outlined in grey). The remaining fractions from
these species with much smaller amounts of these proteins (as indicated by silver
stained gels) showed delayed clot times but still induced clotting prior to plasma alone
controls, the effect diminishing with progressively smaller amounts of procoagulant
being present in these fractions. Again on a protein concentration basis, Hsv induced
clotting the slowest of the elapid venoms tested; crude venom alone clotting plasma in
260s. In Hsv fractions, the greatest procoagulant activity was observed in fractions 2
and 3 with a mean clot time of 203 seconds (Figure 5.4D). Ptv and Osv fractions
containing HMW molecules (fractions 1 to 4) had the strong procoagulant activity with
mean clot times of 14 and 55 seconds respectively (Figure 5.4 E and F). In each case,
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when compared by protein concentration, fractions containing procoagulant components
had a greater effect on the clot time than the crude venom.

A.

B.

C.

D.

E.

F.

Figure 5.4: Clot times of Elapid venom fractions. 100ng of protein from G-200
Superdex resolved venom fractions were added to 200µl of human plasma and clot time
measured as the time at which the absorbance rose 0.01 (in seconds). The smaller clot
times indicating greater procoagulant activity. Venom fractions of A. N.scutatus, B.
N.ater niger, C. H.stephensii, D. T.carinatus, E. P.textilis and F. O.scutellatus. Dotted
line in each graph indicates clot time of 100ng of respective crude venom.
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5.3.2.2 MS Identification of venom toxins
As venom fractions collected from the gel filtration column were somewhat diluted
from having been run over a column with a large void volume, a second gel was run
with crude venoms. For a protein band to generate a MS hit (or match), there needs to
be a sufficient amount of protein present for a peptide to be detected and subsequently
matched to a known protein. For this reason bands from the second gel (containing
concentrated crude venom) were excised for analysis. All venom bands visible by silver
stain (in Figure 5.5) were submitted for MS analysis; however, not all bands generated
peptide matches which meant they were left unidentified.

The MASCOT database used identifies peptide matches using a probability based
Mowse scoring algorithm. Individual ion scores are expressed as -10*Log(P), where P
is the probability that the observed match is a random event. Ion scores >54 indicate
identity or extensive homology between matched proteins. The protein score is the
accumulated ion scores for that match. More than 150 isolated venom bands were
submitted to PI during the duration of this project, of these 37 protein identifications
were made. A complete list of these, together with their protein scores and sequences
matching appears in Appendix 5.1. Problems arose preventing the identification of
many of the protein bands. Twenty nine bands could be identified, some matching to
proteins from closely related species as was the case with the identification of the Lamino oxidases in the tiger snake group venoms (Bands Ns1, Hs2 and Tc1). Each
showed matches to peptides in the protein previously characterised from Ns venom
(Appendix 5.1). This supports the well documented homology between venom proteins.
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MW (kDa)
181

P1
P2

2

3

4

5

O1
O2

115

H1
H2

82

T1

Ns1

64
49

6

O3
P3

H3

P4

Ns2

T2

37
O4

26
19

P5

O5

H4

T3

Ns3
T4
Na1
Ns4

15

H5
Ns5
P6

H6
Na2

Ns6

Figure 5.5 SDS-PAGE resolved venom bands submitted for MS Analysis. Venoms
(15µg/well) were resolved on a 15% gel and silver stained. 1. P.textilis, 2. O.scutellatus,
3. N.ater niger 4. N.scutatus, 5. H.stephensii, 6. T.carinatus venoms. Indicated in white
are bands (with ID) excised and submitted to Proteomics International for analysis by
electrospray ionisation time-of-flight mass spectrometry (LC/MS/TOF).

The identification of procoagulant components in venom bands was successful (except
for NaPA) as these are, to date, some of the most well characterised elapid toxins and
sequence information is readily available on the database. Bands Ns2, Hs3 and Tc2
matched to procoagulant toxins from each of the respective species; Notecarin D,
Stephensease-1 and Trocarin D (Table 5.3), corresponding to bands at approximately
50kDa for each species. Peptides matching the Group C procoagulants found in Ptv and
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Osv were identified in bands P1 to P3 and O1 to O4 respectively. A summary of
peptides identified as procoagulant venom toxins from venom bands and their
probability based score (Mowse score) is presented in Table 5.3, with a detailed
description of each identified band in Appendix 5.1.

Table 5.3: Summary of MS identification of procoagulant venom proteins.

Protein Match

Species

MASCOT score

Mass

P1

Coagulation Factor V

P.textilis

515

166969

Sequence
coverage
(%)
6

P2

Blood coagulation Factor
X2
Pseutarin C precursor

P.textilis

413

53052

14

P.textilis

523

166740

5

O.scutellatus
N.scutatus

101,434,170 and
444
446

167037

Ns2

Factor V-like subunit of
Oscutarin
Notecarin-D

52856

1, 7, 3
and 4
22

H3

Stephensease-1

H.stephensii

399

68835

7

T2

Trocarin

T.carinatus

743

51373

20

Band ID

P3
O1-4

Venoms were resolved by SDS-PAGE, excised and submitted for MS analysis by
LC/MS/TOF (PI). MASCOT score is based on a probability based MOWSE
scoring system [269]. Protein matched to the Ludwig NR database.

In respect to the non-procoagulant toxins, many LMW isolated protein bands did not
generate peptide matches. In the tiger snake group, bands Na 1 and 2, Ns3 to 6, H6 and
T3 and 4 (8 to 21kDa) generated peptide matches to phospholipase precursor molecules,
covering up to 40% of the database sequences in some cases (Appendix 5.1). Similarly,
peptide matches generated from band O5 identified a match to taipoxin, alpha-chain and
a PLA-6 precursor (14.6 and 17.4kDa respectively).
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5.3.3 Immunological cross-reactivity between procoagulant
venom toxins
Rabbit anti-PtPA, -NsPA and -OsPA antibodies showed considerable cross-reactivity
against elapid PA components by western blot analysis. The heavy chain (H.chain) of
the FX-like component, which contains the enzyme active site, has previously been
identified for Notechis sp., Oxyuranus sp., Pseudonaja sp., T.carinatus and H.stephensii
as a sequence of spots at ~ 35kDa in a 2-DE system under reducing conditions [6]. AntiPtPA IgG recognised both FV-like and FX-like components of Ptv under both nonreducing (50 to 200kDa) and reducing conditions (35 to 80kDa) and components of
OsPA, seen at bands of 80 and 50kDa under reducing condition. This preparation only
weakly bound Notecarin, visible at 50kDa under non-reducing conditions (Figure 5.6,
A.i). The subsequent ELISA using this pAb preparation measured the cross-reactivity
between procoagulant components of a range of elapid venoms and supports western
blot observations, indicating that these antibodies will only detect Ptv and Osv PA
components (Figure 5.6 A, i). Anti-PtPA detected PA components with the following
ELISA reactivity: Ptv > Osv> Nsv.

In Figure 5.6-B(i), anti-NsPA IgG failed to detect components of PtPA (lanes 1 and 2),
despite the homology in their FX-like proteins [157]. The FXa-like component, under
non-reducing conditions resolved at approximately 50kDa and the low molecular
weight products detected (6-25kDa) under these conditions, lane 3, suggests
contamination of neuro/myotoxic components in this commercial product. Anti-NsPA,
under non- reducing conditions bound Notecarin (~50kDa) but failed to bind the Hchain under reducing conditions. This preparation recognised a 100 kDa band (NR) and
a~10 and 25kDa (R) band of OsPA. In the corresponding sandwich ELISA (Figure 5.6,
B.ii), these antibodies bound PA components from Tcv, Hsv and Osv, showing minimal
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cross reactivity with Ptv PA and Nav PA. The ELISA reactivity of this preparation with
elapid PA components can be defined as Nsv > Tcv > Osv > Hsv > Nav > Ptv.

Anti-OsPA IgG preparation bound the H-chain of both OsPA and PtPA apparent by the
intense bands at ~35kDa under reducing conidtions (Figure 5.6, C(i)), but failed to bind
to the FX-like component of Nsv (50kDa, NR and 35kDa, R). This prepration only
weakly detected the FV-like component of PtPA, corresponding to the faint band visible
at 100kDa under non-reducing conditions and several bands (35 to 50kDa) under
reducing conditions. The corresponding sandwich ELISA displayed moderate crossreactivity with PAs isolated from Nsv, Tcv and Osv and only weakly bound Hsv, Nav
and Ptv procoagulant fractions (Figure 5.6, C (i)). The ELISA reactivity of anti-OsPA
pAb with elapid PAs can be defined as Osv > Nsv > Tcv > Ptv > Nav > Hsv.
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Figure 5.6 Immunological cross-reactivity between procoagulant fractions of
Australian Elapid venoms.

Isolated procoagulant fractions were subject to

sandwich ELISA using A. Rabbit anti-PtPA IgG, B. Rabbit anti-NsPA IgG and C.
Rabbit anti-OsPA IgG with biotin/avidin detection system; i. Recognition of
purified procoagulant venom toxins by rabbit raised anti-PA IgG polyclonal
antibodies by Western Blot. Purified PtPA (Non-reduced-NR and reduced-R), NsPA
(NR & R) and OsPA (NR and R) was resolved (from left to right, 15ug/lane) by
SDS-PAGE, transferred to nitrocellulose and probed with purified rabbit IgG
against respective purified toxins, ii. Cross reactions observed when fractions were
titrated from 100ng (1:2) in 0.5% BSA/PBS on relevant ELISA detection system.
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5.3.4 Antivenom Studies
In Chapter 3, the development of a panel of polyclonal antibodies raised against various
elapid venoms and purified prothrombin activators was described. Those used for work
in this chapter are outlined in Table 5.1. Whole rabbit IgG preparations were tested for
their potential to delay venom-induced clotting of human plasma. Preliminary studies
indicated that pAbs raised against crude venoms showed minimal neutralisation
potential in human plasma (data not shown). These preparations were concentrated to
5mg/ml to enable a better comparison with the commercial products that show very
high protein content (170mg/ml), the amount however, of specific horse F(ab‟)2 is
unknown. Even at this concentration of in-house pAbs, little inhibition of venom
induced clotting was observed. Several antivenom preparations were also tested to
assess their potential in neutralising a range of venoms they were designed to protect
against. For example, all brown snake antivenom preparations were tested against three
species of brown snake, P.textilis (common), P.affinis (dugite) and P.nuchalis (gwarder)
in both human and canine plasma. Similarly, TSAV, used to treat most tiger snake
group envenomings was tested against each of these venoms in human plasma.
Combinations of venoms and antivenoms tested are summarised in Table 5.2.

5.3.4.1 Inhibition of venom induced human and canine plasma
clotting
Human Four commercial antivenom preparations raised to protect against Brown snake
species envenomings were tested. Clot times were determined for a range of AV
concentrations (5 to 250mU: 0.5 to 2.5U/ml of plasma) by measuring their ability to
bind and neutralise the procoagulant effects of brown snake venoms (Pt, Pa and Pn).
Figure 5.7A shows the ability of each AV to neutralise the effects Ptv (common brown),
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Pav (dugite) and Pnv (gwarder) on human plasma. The Pfizer TB AV showed the
greatest protection against the clotting activity of Ptv. Ptv alone induced human plasma
to clot in 15 seconds (plasma alone > 1,800s) and following pre-incubation of the
venom with 2.5U/ml (250mU) of Pfizer TB clotting was delayed to 1,605s. SS T/MB
and BSAV displayed moderate PtPA inhibition (2.5U/ml delayed clot times to 1312s
and 1012s respectively) and the AVSL product showed comparatively poor neutralising
ability (2.5U/ml, 440s).
Interestingly, the AVSL MB AV performed well against Pav with 250mU delaying clot
time from 130s (venom alone) to 2,070s (Figure 5.7, Aii). Pfizer TB and BSAV proved
to be of limited value in neutralising Pav with increasing amounts not providing
increased protection. SST/MB displayed a steady increase in protection (2.5U/ml, 1195s
clot time) but was inferior to the AVSL product against Pav. In respect to the inhibition
of Pnv induced clotting, the addition of 2.5U/ml of Pfizer TB delayed clotting from 30s
(venom alone) to 1,500s. SST/MB and AVSL MB both offered limited protection
against Pnv giving clot times of 712 and 754 respectively at 2.5U/ml and BSAV
provided no apparent protection. Interestingly, Pav alone took longer to clot human
plasma in vitro than the two other brown snake species despite all proving to be
effective defibrinators in human envenomings.

Canine
Figure 5.8B illustrates the efficacy of tested AVs in canine plasma. For Ptv, BSAV
provided moderate inhibition of venom induced clotting (2.5U/ml, 500s, venom alone
15s and plasma alone > 1,600s), but was not as effective as at the same concentration in
human plasma (2.5U/ml, 1,012s). SST/MB showed no neutralising effect in canine
plasma against Ptv, however against Pav displayed a dose dependent inhibition of
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clotting, delaying the clot time from 130s (venom alone) to 955s at 2.5U/ml. Both
BSAV and AVSL MB AVs showed an early delay of clotting with the addition of only
1U/ml (800s and 770s respectively) but showing no greater protection with increasing
AV doses. As in the human assay, BSAV proved to be of limited use in the
neutralisation of Pnv in canine plasma. Although it does delay clot times at low
concentrations (1U/ml, delay from 30s for venom alone to 230s), increasing the dose
did not delay the clot time any further. SSTM/B and AVSL MB AVs both display a
dose dependent inhibition of Pnv clotting but appear to plateau at 2.5U/ml at just above
400s. This suggests that the specific horse F(ab‟)2 fragments that make up the AV
preparations don‟t bind directly to the active site but inhibit via other mechanisms like
obscuring access to the binding site, recently suggested by Isbister et al., (2007) [79].
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ii.
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Figure 5.7 Inhibition of Pseudonaja.sp venom induced clotting by Australian
human and veterinary antivenom preparations. Dilutions of antivenom (50250mU) in PBS were pre-incubated with 100ng of venom; i. P.textilis (eastern
brown) ii. P.affinis (dugite); and iii. P.nuchalis (gwarder) for 30 mins at room
temperature and added to A. human plasma or B. canine plasma. Clot time
determined by increase in turbidity and absorbance at 340nm; monitored by a
Victor 3 Multiplate reader over 40 minutes. Clot time defined as time (seconds)
absorbance rose by 0.01. CSL BSAV; batch 10201, SS T/MB; batch TB408,
AVSL MB; batch BV and Pfizer TB; batch 04301.
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The TSAV (CSL) preparation is currently used to treat each of the tiger snake group
envenomings in human patients. Figure 5.8 illustrates that TSAV does provide
protection against the procoagulant effects of each of these venoms. Nsv alone induced
clotting at 25s, plasma alone > 2,000s and at 2.5U/ml (250mU), TSAV delayed clotting
to beyond 1,800 seconds (30 mins). At the same concentration the Pfizer and SS
products did not reach this level of inhibition, with clotting occurring at 870 and 582
seconds respectively (Figure 5.8A). In the inhibition of Nav induced clotting, TSAV at
2.5U/ml delayed clotting to beyond 2,000s (venom alone, 125s). At the same
concentration (units), Pfizer TB and SS/TMB both prevented Nav clotting until 2090
and 1700 seconds respectively (Figure 5.8B). TSAV offered only a slight delay in Nav
clotting in canine serum (dotted line) over the concentrations tested.

At 150mU

(1.5U/ml), TSAV offered the greatest protection against Hsv clotting (>2,000s), with
venom alone inducing clotting at 320s. Interestingly, increasing the AV concentration to
200 and 250mU resulted in a decrease (rather than an increase) of clot time (Figure
5.8C). TSAV, at increasing concentrations showed protection against procoagulant
components of Tcv, delaying venom induced clotting from 68s (venom alone) to >
1,100s (Figure 5.8D).
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A.

C.

B.

D.

Figure 5.8 Inhibition of Tiger snake (group) venom induced clotting by
Australian Human and Veterinary antivenom preparations. Dilutions of
antivenom (0-250mU) in PBS were pre-incubated with 100ng of venom; A.
N.scutatus, B. N.ater niger, C. H.stephensii and D. T.carinatus for 30 mins at
room temperature and added to human plasma.

1

indicated addition to canine

plasma. Clot time determined by increase in turbidity and absorbance at 340nm;
monitored by a Victor 3 Multiplate reader over 40 minutes. Clot time defined as
time (seconds) absorbance rose by 0.01. CSL TSAV; batch 10401, SS T/MB;
batch TB408, and Pfizer TB; batch 04301.

5.3.4.2 Antivenom/Venom binding
The ability of each AV to recognise clinically relevant snake venom toxins by binding
procoagulant and LMW neurotoxic components by Western blot was examined. In most
cases, the signals generated by immunoblot were greater than those visualised in the
silver stained gels (Figure 5.5) and several proteins were recognized by the antivenom
but were not visible by silver stain. In Figure 5.9A, each of the Tiger snake reactive
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AVs (and BSAV) were assessed for their ability to bind each of the noted elapid venom
toxins with a comparative silver stain in Figure 5.9B. As expected, TSAV and BSAV
detected venom toxins in an almost identical pattern (5.9Ai and ii respectively), both
binding major procoagulant toxins in each of the tested venoms and will be discussed
further later. Both preparations failed to bind to a 30kDa component of Osv (Band O4),
previously shown to be a complex of the FVa and FXa-like proteins of Oscutarin. These
preparations also failed to bind a ~17kDa toxin in Nav, shown to be composed of a
PLA2 toxin, a ~25kDa toxin in Tcv (PLA2) as well as a LMW toxins of Ptv. TSAV is
not only raised against N.spp venoms, but also Ptv and sometimes against 5 different
snake species, as a polyvalent preparation (Personal communication, Professor Julian
White). Given this information, its detection of Ptv and Osv toxins with such specificity
is not surprising. Similarly, BSAV is raised against Pt and N.spp venoms and picks up
bands in each of the tiger snake group venoms, supporting previous literature that states
that these AVs are in fact polyvalent as animals used for AV production are immunised
with venoms from different snake families {O'Leary, 2010 #643} . The Pfizer TB
product, raised (presumably) against N.spp. and P.spp. venoms also reacted strongly to
each of the venoms tested. However, binding to the procoagulants of Na, Ns and Tc
(50kDa) was weaker than in the CSL AVs (Figure 5.9A.iii).

The initial batch of SSTM/B tested was a sample batch, which only weakly recognised
the FXa subunit of Ptv (~50 to 55kDa, lane 1) and in Nav, Nsv, Hsv and Tcv (Figure
5.9iv) . Similarly, many of the LMW toxins bound strongly by the CSL and Pfizer
products yielded only weak reactivity by SSTM/B. When a second batch was tested
(TB408) increased binding to LMW components was observed (Figure 5.9v) however,
detection of 50kDa FXa subunit of Tiger snake group venoms remained weak. This
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supports the clotting data showing poor neutralisation of Nsv clotting by the SSTM/B
preparation (Figure 5.8A). The AVSL MB preparation, raised against P.spp venoms
does not cross-react with other elapid venoms, further supporting recent
communications by O‟Leary and Isbister indicating that CSL products are mixtures of
monovalent AVs {O'Leary, 2010 #11}.
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Figure 5.9 Binding of Commercial Antivenom preparations to Australian
Elapid venoms by Western Blot. P.textilis, O.scutellatus, N.ater niger, N.scutatus,
H.stephensii and T.carinatus venoms (left to right) were resolved on 15% SDSPAGE under non-reducing conditions (15µg/lane), transferred to nitrocellulose and
probed with diluted (0.5U/ml) antivenoms; A. (i) Tiger snake (TSAV), CSL – batch
10401, (ii) Brown snake antivenom (BSAV), CSL – batch 10201, (iii) TigerBrown
(TB), Pfizer – batch 04301; (iv & v) Tiger Multibrown (T/MB), Summerland
Serums – sample batch & TB4-08 respectively; (vi) Multibrown (MB), AVSL –
batch BV; B. Silver stained venoms.
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When comparing the efficacy of the brown snakes AVs against 4 P.spp venoms (Pt, Pa,
Pi and Pn), the SST/MB performed the best. It bound strongly to; HMW (100 to
200kDa) bands, containing FV-like isoforms; FX-like (50kDa) and to the mass of LMW
toxins (Figure 5.10A) in all four venoms tested (under non-reducing conditions). It did,
however only weakly bind the FXa subunit of Pt, Pa and Pn venoms, suggesting
structural differences between the toxins of these species. The Pfizer TB AV bound Pt
and Pi PA components but showed minimal reactivity to Pa and Pn FXa proteins and
the FVa subunit of Pnv (Figure 5.10B). This product also bound to the majority of
LMW toxins except a 20 to 25kDa toxin in Piv. As illustrated in Figure 5.10C, BSAV
(CSL) bound the FVa subunits of Ptv and Piv and their weakly to their FXa subunits.
Where the Pfizer and SS products (and to some extent the AVSL) bind to two HMW
bands (100 and 180+kDa) in Pt, Pa and Pi, BSAV does not. It predominantly recognises
one HMW band (~180+) in only Pt and Pi venoms. Although BSAV does bind LMW
toxins in Pa and Pn venoms, it fails to recognise their procoagulant components. In
Figure 5.10D, the AVSL MB preparation is shown to recognise the PA toxins in Ptv and
Piv and bound PaPA toxins weakly. This preparation bound FVa in Pnv with greater
intensity than any other AV, but recognised its FXa subunit only weakly. Interestingly,
this was the only preparation shown to neutralise Pnv in human clotting assays and will
be addressed later. Comparing the BSAV and AVSL to the Pfizer and SS preparations,
the first pair showed significant reduction in reactivity to the ~30kDa bands and no
reactivity to those 20 to 25kDa in any species. Marked reduction in LMW toxin binding
was also observed with these preparations. The silver stained P.spp venom gel in Figure
5.10E is presented to illustrate the toxins present in each of these venoms.
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Figure 5.10 Binding of Commercial Antivenom preparations to Pseudonaja sp. venoms by Western Blot. P.textilis, P.affinis,
P.inframacula and P.nuchalis venoms (left to right) were resolved on 15% SDS-PAGE under non-reducing conditions (15µg/lane),
transferred to nitrocellulose and probed with antivenom (0.5U/ml) in 5% SMP/TBST; A. Summerland serums Tiger/Multibrown (T/MB),
batch TB304, B. Tiger brown (TB) antivenom, Pfizer – batch 04301, C. CSL Brown snake AV (BSAV), batch 10201 and D. AVSL
Multibrown (MB), batch BV. E. Silver stained venoms (Ptv, Pav, Piv and Pnv, left to right of each panel). Indicated by arrows to the left are
procoagulant venom components (FVa, 100 and 180+ kDa and FXa at ~50kDa) confirmed by MS and clotting studies.
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5.3.4.3 Anti PA IgG

Antibodies raised against purified PAs were also tested for their ability to neutralise
clotting function of brown snake venoms. The concentration of commercial AVs are
quoted in Units and the exact amount of protein (in all but CSL preparations) and
reactive horse IgG is unknown. It was therefore difficult to compare in house AVs to
those that are commercially available. The batch of BSAV tested is said to be composed
of 1,000U in 11ml and 170mg/ml of horse serum protein, as indicated on the packaging
and in the supplemental technical information. This means that 1mU is equivalent to
1.8µg of protein. SDS-PAGE analysis suggests that only a proportion of the AV are
F(ab)‟2 fragments (data not shown). To compare the anti-PtPA to BSAV the amount of
protein was expressed in µg rather than mU. Given the restrictions of the assay for the
working solution (Plasma + venom + antivenom) to fit into a 300µl capacity well, the
above AV preparations were tested in the ranges of 5 to 200ug (50 to 2,000µg/ml) and
20 to 98.5µg (200 to 985µg/ml) respectively.

In figure 5.11, the ability of anti-PtPA (whole rabbit IgG) to inhibit Ptv, Pav and Pnv
induced clotting in human (A) and canine (B) plasma is illustrated. In both plasma
species, the addition of anti-PtPA IgG at 2mg/ml (200µg) inhibited Ptv clotting beyond
1500s. In human plasma similar levels of protection against Pav and Pnv using antiPtPA were observed with clot times of 785s and 480s respectively at 2mg/ml (Figure
5.11A). In canine plasma, the rabbit IgG showed protection against Pav in an apparent
dose dependent manner and as in the human plasma, minimal protection against Pnv
clotting was observed (Figure 5.11B).
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Figure 5.11 Inhibition of P.spp venom induced clotting by anti-PtPA IgG.
100ng of each of P.textilis (Ptv), P.affinis (Pav) and P.nuchalis (Pnv) were preincubated with 5 to 200ug (50-2000µg/ml) anti-PtPA IgG for 30 minutes and added
to A. Canine plasma, and B. Human plasma. Clot time determined to be the time
(seconds) the absorbance at 340nm rose by 0.01 units.

When directly comparing the neutralising potential of the anti-PtPA to CSL BSAV
against P.spp venoms, both showed the greatest protection against Ptv, the venom to
which they were raised (Figure 5.12A). At 1,500µg/ml (150ug), the anti-PtPA IgG
delayed the clot time to 1,220s, with 1,000µg/ml (100ug) of BSAV giving a clot time of
760s. Both preparations showed increased protection against Pav and less so to Pnv
induced clotting upon the addition of increasing AV concentrations (Figure 5.12 B and
C respectively) but neither inhibited clotting to the extent seen for Ptv. AV
concentrations giving the maximum clot times for Pav and Pnv were at 2,000µg/ml
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(200ug) of anti-PtPA (860s and 480s) and 1,000µg/ml of BSAV (885s and 585s)
respectively.
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Figure 5.12 Comparison of anti-PtPA IgG and BSAV (CSL): Inhibition of
P.spp induced clotting. Inhibition of P.spp induced clotting of human plasma. A.
Ptv, B. Pav and C. Pnv. Varying amounts of AV (5 to 200ug, 50 to 2,000µg/ml)
were pre-incubated with 100ng of respective venom for 30 minutes before being
added to re-calcified human plasma. Absorbance was measured at 340nm for 40
minutes and clot time defined as the time (seconds) absorbance rose 0.01.
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5.4 Discussion
The aim of this chapter was to assess the binding and in vitro clotting inhibition of
currently (commercially) available AV preparations to clinically relevant Australian
venom toxins and to assess how pAbs developed against PtPA compare to the
commercial preparations. Although thorough proteomic studies have been conducted on
the venoms from the major Australian elapid snakes, these were completed by 2DE
analysis under reducing conditions. Since this work focused on the procoagulant
components of each of these venoms, a 1DE system was employed and venom toxins
were mapped accordingly. Considering all venoms tested have a large number of low
molecular weight (LMW) toxins, non-reducing conditions were employed to ensure PA
components (of high molecular weight) could be differentiated from other LMW toxins.

5.4.1 Venom separation and characterisation
Gel filtration of crude Pt, Na, Ns, Hs, Tc and Os venoms on a Superdex G-200HR
column enabled the isolation of partially purified procoagulant toxins from each of the
venoms. The FV-like subunit of the Group C prothrombin activators in Ptv and Osv
were mapped to bands P1-P3 and O1-O4 respectively (Figure 5.5 and Appendix 5.1)
with peptides matching the catalytic (FXa-like) subunit, in bands P2, P3 and O4. In the
tiger snake group venoms, which contain Group D procoagulants, Notecarin,
Stephensease and Trocarin were successfully mapped to ~50kDa bands Ns2, H3 and T2
respectively [167]. It has been previously shown that elapid PA components exist in
various isoforms and resolve by SDS-PAGE in a series of protein spots under reducing
conditions in 2DE systems, which explains the multiple bands seen for Fv-like
components of the Ptv and Osv >100kDa [6, 43].
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Twenty-seven of the 150 protein bands submitted for MS analysis were identified as
venom toxins. This low hit rate (<20%) was a result of a number of factors including
abundance of protein in each band, equipment and processing issues reported by PI as
well as the database selected for peptide matching. Only one amino acid change will
prevent the database from matching a detected peptide. Many venom toxins from these
species (mostly from N.ater niger, T.carinatus, and H.stephensii) have still not been
characterised and so could not be matched to protein sequences in the database. The
protein scores defined for each protein match (Appendix 5.1) are the sum of
accumulated ion scores from each query (or peptide match) and offer a non-probabilistic
basis for ranking identified proteins [269]. As previously described (Chapter 5.3.2.2),
individual ion scores (generated from one peptide match) > 54 indicate identity or
extensive homology, so when more than one hit occurs to any given protein match, the
protein scores rise. In this project, protein scores >150 were considered a match and
protein identity subsequently confirmed.

To further confirm PA presence in venom fractions, human plasma clotting assay were
employed. Clot times varied between species (15 to 260 seconds). PA fractions of Ptv
and Osv inducing clotting the quickest (<35s); this has been extensively reported in the
literature and is a result of these Group C PAs containing their own non-enzymatic
cofactor, the FVa-like subunit [52]. The PA activity of the tested elapid venoms was
defined as Ptv > Osv > Nsv > Tcv > Pnv > Nav > Pav > Hsv. One limitation of this
definition however, is that 100ng of total protein from each fraction was tested, of
which the proportion of PA has not been directly quantified, rather predicted from SDSPAGE analysis. With that being said, fractions identified as containing procoagulant
components (highlighted in Figure 5.2 and confirmed by MS, Table 5.3), appear to be
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relatively pure and most showed greater procoagulant activity (again comparing total
protein) than crude venom (Figure 5.3, dotted line in each graph). There was one
exception to this however; Fraction 5 of Ptv appeared to contain minimal amounts of
HMW PA material but showed significant PA activity just above crude venom control
(Figure 5.3E). This may be explained by the presence of what has been reported as a
coagulant peptide at approximately 6kDa [110], but is more likely to be a breakdown
product of the FXa-like subunit. Isolated Notechis sp. venom fractions containing
procoagulant activity (Figure 6.3A and B) induced clotting by 55 seconds (Fractions
Ns1 and 2, Na2 and 3), Hs PA fractions by 220s and Tc PA fractions by 94s. A direct
comparison of the procoagulant activities in each venom can therefore not be made. By
combining clotting studies with MS results, FV-like components were successfully
mapped to 50 to 180kDa bands in Ptv and Osv and FX-like components to ~50kDa
bands in each of the species under non-reducing conditions.

5.4.2 Immunological cross-reactivity
Although many studies have investigated the structural and functional similarities
between venom components of Australian elapid snakes, their focus has been mainly
been on their procoagulant [15, 42, 52, 138, 157, 159, 165] and neurotoxic activities
[81, 89, 209, 210]. None, to date have looked at the immunogenic molecules of these
venom components and considered their importance in the production of better
antivenom treatments and differentiation of species. For the analysis of the
immunological cross reactivity of Australian elapid venoms against anti-PA antibodies,
ELISA and Western immunoblotting were employed. Each of the antibodies crossreacted (with different affinities) with purified commercial PAs, (reducing and nonreducing conditions) and PA fractions isolated by gel filtration. PAbs raised against
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PtPA bound the FV-like components of Osv with high affinity but only weakly
recognised the catalytic subunit of Notecarin in Nsv under reducing conditions. By
ELISA, this Ab preparation only cross-reacted with Os venom components (Figure
5.6A) and its reactivity was defined as Ptv>Osv>Nsv. The anti-NsPA preparation failed
to detect PtPA components by WB and only weakly detected OsPA subunits. By ELISA
however, the greatest cross-reactions were observed against Tcv and Osv with minimal
reactivity observed against Hsv, Nav and Ptv PA components, defined as
Nsv>Tcv>Ptv>Nav>Hsv. Silver staining of the commercial NsPA product (not shown)
indicated the presence of LMW neurotoxic components which must be acknowledged
as a potential source of some of the cross reactivity observed. The anti-OsPA IgG pAb
detected H-chains of the FXa-like subunit in both PtPA and OsPA but not in NsPA.
This preparation also resulted is moderate cross reactions with PAs from each of the
elapid venoms tested, defined as Osv>Nsv>Tcv>Ptv>Nav>Hsv. The homology in the
primary sequences and effects in vitro of elapid PAs has been well documented [14, 15,
165, 271] and it is of no surprise that antigenic cross reactivities have been observed.

The commercial VDK used to diagnose the snake responsible in envenomings was
recently characterised by Steuten et al., (2007) [101], in respect to its sensitivity,
specificity and cross-reactivity. The authors investigated the cross-reactivity of a
number of purified toxins (3FTx, PLA2 and PTAs) against the five venoms currently
targeted by the VDK. The PLA2 toxin group reacted strongly and demonstrated
considerable cross-reactivity across snake groups. PA components were found not to
play a major role in cross reactions observed optically with the kit. Interestingly, the
study showed that snake groups with the closest evolutionary relationships
demonstrated the lowest level of cross-reactivity and despite the evolutionary closeness
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of P.textilis to O.scutellatus, only negligible levels of cross-reactivity were observed
between these two groups. The results seen here concur, with stronger cross-reactions
observed between more distantly related snake species (See Figure 3.6). The work
described here supports the theory that the cross reactions observed are not strictly due
to the taxonomical relationships, rather biochemical similarities between their venoms
and individual toxin types.

5.4.3 Antivenom Efficacy
Given the structural and functional similarities between common venom components of
Australian elapids, it would be consistent that polyspecific antibodies such as those
found in antivenom preparations would cross-react with each other. For the closely
related tiger snake group, cross-neutralisation was observed. TSAV (CSL), currently
used to treat envenomings by Na, Ns, Hs and Tc inhibited the procoagulant effects of
each of these venoms in human plasma. This preparation also recognised the majority of
proteins (5 to 180kDa) by immunoblot analysis. Interestingly, a 17kDa toxin in Nav and
2 bands in Tcv (20, 25kDa), identified by MS as PLA2 isoforms were not recognised by
this AV, the clinical significance of this is unknown (Figure 5.9A).

Results for the efficacy of brown snake AVs suggests that the protection offered by
commercial AVs may be dependent on the species it has been raised against. In clotting
experiments, each of the AVs tested (CSL, AVSL, SS, Pfizer) showed different levels
of procoagulant inhibition against each of the brown snake venoms tested (Figure 5.7).
Interestingly, only the Pfizer product showed neutralisation of the procoagulant effects
of Pnv (gwarder) in vitro in human plasma (Figure 5.7Aiii). Immunoblotting using these
AVs revealed that there is a high degree of variation in how they each recognise the 4
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venoms tested (Figure 5.10). This is in contrast to previous studies by Judge et al.,
(2006) [110], where the investigators illustrated by 2-DE immunoblot that BSAV (CSL)
failed to bind to LMW (6 to 32kDa) protein species in P.spp venoms and that this AV
preparation recognises similar constituents in each of the species‟ venoms tested (Pt, Pn
and Pa). The work described in this chapter has shown otherwise; that BSAV does bind
LMW venom toxins (6 to 32kDa) in Ptv and distinct differences were observed in how
this AV recognises the 4 species tested.

The FXa-like component of Pa venom (~50kDa, non-reduced) appears only to be bound
weakly by some of these AV preparations by western blot (Figure 5.10A to D) and the
AVSL MB AV appears to be the only AV preparation that strongly recognises Pnv (FV)
and the only AV to recognise Pnv FX by immunoblot (Figure 5.10D). This corresponds
with AV inhibition clotting data (Figure 5.7Aiii) where the AVSL preparation
performed well neutralising Pnv in human plasma. This may be of clinical importance
when treating dugite (Pa) envenomings which are restricted in distribution to southern
Western Australia and south eastern South Australia [272]. The AVSL MB product, as
the name suggests is presumably raised against multiple P.spp venoms and although it
does recognise the FV-like components (100 and 180kDa) of Pnv more intensely than
any other AV, it fails to detect PA components (FV and FX) in Pa (dugite) venom.
These results suggest that the species to which the antivenom is raised could affect its
ability to neutralise subspecies in different geographic areas. It is relevant to note here
that although the observation of binding of AVs to toxins by western blot indicates
recognition by AVs of linearised venom toxins, it does not necessarily reflect binding to
clinically relevant forms or sites of these active toxins. Conversely, no detectable
binding by Western blot may indicate a lack of AV inhibition potential. In addition, the
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efficacy against procoagulant toxins was tested by pre-incubating venoms with AVs
which is not directly indicative of protection we would expect to see in vivo in clinical
envenomings.

It is pertinent to note here too that although this study compares AV preparations based
on their stated activity (Units/ml); how each manufacturer defines the activity in each
preparation is not fully understood. This makes it difficult to draw conclusions about
AV efficacy but does provide an interesting framework for further work, particularly
comparing the brown snake species. Similarly, some might remark that the amounts of
venom utilised (1,000ng/ml) in AV inhibition assays for this project were well above
levels seen clinically in patients (Chapter 4) as had been suggested about other studies
on the in vitro effects of PtPA [76, 125]. Sprivulis et al., (1996) [108] assessed BSAV
efficacy using 50,000 and failed to show neutralisation against the procoagulant effects
of this venom. Isbister et al., (2007) [79], suggested that this plasma venom
concentrations is clinically irrelevant and has previously described the detection of very
low levels of circulating venom in Ptv envenomed patients [41]. The rationale for using
1,000µg/ml of venom in the AV inhibition assays for this work, was based on an
assumption that circulating venom levels in domestic patients would be higher than
those previously measured in human envenomed sera [41]. However, after having
completed work for this project, this has been shown not to be the case. As venom
concentrations used are somewhat higher than defined in clinical cases (Chapter 4),
conclusions drawn from this work must be considered speculative based on the issue of
standardisation of venom concentrations as well as the AV activity and active protein
content definition.
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An in-house pAb generated against PtPA was compared to the BSAV (CSL)
preparation in its ability to delay clotting in human plasma (Figure 5.12). The PtPA
targeted antibodies showed greater inhibitory capacity against the procoagulant effects
of Ptv, but were not as efficacious against Pav and Pnv. As previously mentioned, a
direct comparison is difficult as the commercial horse AVs are composed of numerous
horse serum proteins and the exact amount of reactive horse F(ab‟)2 fragments is
unknown. Similarly, the anti-PtPA preparation is whole rabbit IgG and so only
preliminary findings have been noted.

In general, the advantage of monovalent

antivenoms is that they contain less foreign (non-reactive) protein equating to a lower
risk of hypersensitivity reactions in patients [211]. The fact that hypersensitivity
reactions result in a percentage (41%) of cases where TSAV is administered [104]
suggests that current AV preparations may contain too much foreign horse protein. It is
possible that by targeting clinically relevant toxins alone, AVs could be produced with
higher specificity, affinity and lower concentrations of foreign contaminants.

5.4.4 Implications for detection and treatment
Little is known about the immunogenicity of snake venom toxins. Improved
understanding of antigen presenting cell function may assist in targeting vital
immunogenic venom antigens, enabling the production of highly specific targeted
antivenom treatments [101]. It may also be useful in synthetic peptide development that
may act as desensitising therapies for herpetologists, many of whom may suffer from
potentially lethal allergy to snakes and their venom or AV. The immunological crossreactivity between venom toxins has implications on what is targeted in specific snake
venom detection kits as well the way we produce antivenom treatments.
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TSAV has been recommended to be used in the treatment of other tiger snake group
envenomings such as Tropidechis and Hoplocephalus sp. [14]; however the ability of
TSAV to bind and neutralise the procoagulant effects of these venoms has not been
described. TSAV has previously been shown to be effective against the in vitro
neurotoxicity of Hsv [9]. In this study it has been demonstrated that this preparation is
also effective against the procoagulant toxins in each of the venoms tested, further
supporting the current treatment recommendations. In regard to Brown snake AV
preparations, given the limitations mentioned above, this work raises concerns about
current preparations, in particular their ability to adequately bind and neutralise
Gwarder (Pn) and Dugite (Pa) venoms.
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Appendix 5.1 Matched peptide sequences of Australian elapid venom proteins identified by Mass Spectrometrya
Band
ID

Hypoth
MW

Hits

Relevant Hit/s

Species

Mass

PI

(kDa)

MASCOT Sequence
score
covered

Queries
matched

Peptides Matching

P.textilis venom
P1

180kDa

3

Factor V-like subunit of
oscutarin: Q49MF1

204

Coagulation factor V

P2

55kDa

3

Factor V-like
nonenzymatic subunit

O.scutellatus

P.textilis

O.microlepi
dotus

167037

166969

165977

5.84

5.97

5.68

omicarin C: Q58L90

204

580

515

1234

7%

6%

11%

7

8

14

429 - 438

K.VRDTVTIVFK.N

439 - 456

K.NLASRPYSIYVHGVSVSK.D

506 - 515

K.LYHSAVDMTR.D

516 - 530

R.DIASGLIGPLLVCKR.K

1117 - 1132

K.IGTWLLETEVGENQER.G

1192 - 1204

K.EHEHPWIQIDLQR.Q

1264 - 1274

K.ENHIDPPIIAR.Y

1325 - 1336

K.TWWSSWEPFLAR.L

1441 - 1449

K.TWNQYIALR.I

430 - 439

K.VRDTISIVFK.N

440 - 457

K.NLASRPYSIYVHGVSVSK.D

507 - 516

K.LYHSAVDMTR.D

1118 - 1133

K.IGTWLLETEVGENQER.G

1193 - 1205

K.EHEHPWIQIDLQR.Q

1265 - 1275

K.ENHIDPPIIAR.Y

1425 - 1434

K.HFFKPPILSR.F

1442 - 1450

K.TWNQYIALR.I

440 - 457
507 - 516

K.NLASRPYSIYVHGVSVSK.D
K.LYHSAVDMTR.D

543 - 558

K.ADVEQHAVFAVFDENK.S

967 - 978

K.SWAYYSGVNPEK.D

1020 - 1027

K.SWYFPK.S

1119 - 1134

K.IGTWLLETEVGENQER.G

1193 - 1206

K.KEHEHPWIQIDLQR.Q

1194 - 1206

K.EHEHPWIQIDLQR.Q

1248 - 1265

R.HSETQMHFEGNSDGTTVK.E

1266 - 1276

K.ENHIDPPIIAR.Y

1327 - 1338

1426 - 1435

K.TWWSSWEPFLAR.L
K.TFSIHYTDDNSTWKPYLDV
R.T
K.HFFKPPILSR.F

1443 - 1451

K.TWNQYIALR.I

339 - 349

K.QDFGIVSGFGR.I

350 - 356

R.IFEKGPK.S

362 - 370

K.VLKVPYVDR.H

396 - 411

R.DACQGDSGGPHTTVYR.D

412 - 428

R.DTHFITGIVSSGEGCAR.N

441 - 447

K.FIPWIKR.I

343 - 357
343 - 362

K.QDFGIVSGFGGIFER.G
K.QDFGIVSGFGGIFERGPNSK.
T

366 - 374

K.VLKVPYVDR.H

416 - 432

R.DTHFITGIVSWGEGCAR.K

445 - 451

K.FIPWIKR.I

71 - 77

R.EYELDFK.Q

83 - 94

R.DALSGLLGPTLR.G

95 - 106

R.GEVGDSLIIYFK.N

107 - 124

K.NFATQPVSIHPQSAVYNK.W

213 - 225

R.EYVLMFSVFDESK.N

318 - 330

K.HLQAGMYGYLNIK.D

331 - 340

K.DCGNPDTLTR.K

1388 - 1407

Blood coagulation factor
X2: Q1L658

P3

205

Factor X-like protease:
Q6IT09

P4

35

1

Pseutarin C precursor:
Q7SZN0

P.textilis

P.textilis

P.textilis

53052

53606

166740

7.03

7.03

5.73

205

413

321

523

14%

11%

5%

6

5

7

P5

28

Concanavalin a, chain A:
1BXHA

2

Jack Bean

25583

5.27

447

38%

6

47 - 60

K.VGTAHIIYNSVDKR.L

102 - 114

K.ETNTILSWSFTSK.L
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Venoms were resolved by SDS-PAGE, excised and submitted for MS analysis by LC/MS/TOF (PI). MASCOT score is based on a probability based MOWSE
scoring system [269]. Protein matched to the Ludwig NR database.
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Chapter 6
Histopathological analysis and
in situ localisation of venom
toxins in envenomed tissue.
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6.1 Introduction
Thus far, this work has described the successful development of a panel of characterised
antibodies; their use in measuring circulating venom in envenomed patients (Chapter 4)
as well as their capacity to neutralise the procoagulant effects of P.textilis venom in
human and canine plasma (Chapter 5). Among the developed antibodies for this project
were those that detect NsPA (rabbit pAb) and Notexin (mouse mAb) in the tiger snake
venoms (Chapter 3). During the recruitment of animal patients for this project by
Murdoch Pet Emergency Centre (MPEC), post mortem tissues were collected for
examination from two tiger snake envenomed animals. In addition to the
histopathological post-mortem analysis described herein, the above mentioned
antibodies have been used to attempt to localise the respective toxins in the canine and
feline tissue. Considering the project has targeted the procoagulant toxins (and to some
extent neuro/myotoxins), the tissues selected for analysis included heart, lung, kidney
and skeletal muscle (Gastrocnemius muscle, GM). Non-envenomed canine and feline
tissue samples were used for comparison.

Early studies by Kellaway, [264, 273, 274] and more recently work by Harris et al.,
[231, 275-278] and others, have examined the histopathological effects of Notechis sp.
in envenomed animal tissue. In most of these studies the focus has been on the
neurotoxic and myotoxic effects of this group of venoms and most involved the
examination of experimentally envenomed animal muscle tissue. Similarly, Lewis,
(1994) [279], examined skeletal muscle tissue of experimentally envenomed dogs, but
also extended his histopathological analysis to the kidney looking at direct nephrotoxic
effects of N.scutatus venom. Although these studies have aided our understanding of the
mechanisms of actions of some of these neuro- and myotoxins, more specifically,
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notexin, none have defined their specific tissue localisation. Moreover, none thus far
have investigated the in vivo procoagulant effects of or described the histopathological
changes in the heart and lung after Notechis species clinical envenomings.

Numerous studies have looked into the direct effects of snake venom toxins based on
clinical outcomes, histopathological changes and in vitro effects on cells. Such studies
include the measurement of various clinical indications, such as serum creatine kinase
(CK) and creatinine levels for myotoxic effects [215-217] and INR/PT, APPT, D-Dimer
levels and whole blood clot time for coagulopathic envenomings [78, 91, 129]. Crude
venoms and their specific toxins have also been tested in vitro on various animal
derived primary and cultured cells [83, 185, 218-222] as well as on animal nervemuscle preparations [89, 217, 222-224] and have aided in our understanding of their
mechanisms of action and toxicities. Others have analysed histopathological changes in
animal tissues after injection of venom or purified venom toxins [216, 225-227] to
define sites and mechanisms of action. Where these studies focused on the clinical
outcomes and in vitro functions of various snake venoms and their toxins, others have
measured crude venom levels in tissues and organs of experimental animals and human
autopsy specimens [193, 228]. No studies to date have detected or identified the specific
tissue (cellular) localisation of venom toxins in the tissues or organs of envenomed
patients.

Venom toxins thought to be responsible for the most severe clinical effects seen in
humans and domestic animals are: (i) prothrombin activating enzymes acting on
coagulation factors leading to venom induced consumptive coagulopathy, (ii) pre and
post-synaptic neurotoxins that result in paralysis and (iii) myotoxic components that
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promote muscle cell destruction (or myonecrosis). Therefore we might expect to find
venom toxins localised on the endothelium of the vasculature, on neuronal cells and
throughout muscle tissue respectively in envenomed patients. In the case of
prothrombin activators, demonstration of a substantial amount of the toxin bound to
endothelial surfaces would cause us to question the relevance of serum concentrations
of this toxin as most of the active toxin may be on the endothelial surface rather than in
the blood.
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6.2 Materials and Methods
6.2.1 Materials
Antibodies: mouse anti-CD146 purchased from Abcam, anti mouse FITC from
Millipore and anti-rabbit AF488, Streptavidin-Cy3 and Hoescht 3342 stain from
Amersham Biosciences. Immunopure avidin and D-Biotin were purchased from Pierce
and SuperFrost slides (Ecco) and OCT embedding medium were purchased from
ProSciTech, Perth. The SOLV solution (Xylene substitute) was purchased from Scot
Scientific, Perth and foetal bovine serum (FBS) was purchased from Gibco.

6.2.2 Samples
Histopathological analysis and in situ localisation of venom toxins in envenomed
animals was conducted in 6 mice and 4 domestic pets (2 envenomed and 2 nonenvenomed). All mice (18-22g, n=6) used for these experiments were maintained at the
UWA Biomedical Research Facility, Shenton Park, Perth. All animal work was
conducted under UWA animal ethics following institutional guidelines (Reference
RA/100/593). Feline and Canine samples were obtained from 2 patients with Tiger
snake envenoming who presented to Murdoch Pet Emergency Centre (MPEC),
Murdoch University between October 2008 and March 2009. Normal canine and feline
tissue were obtained from non-envenomed post mortem cases. Ethics approval was
obtained from Murdoch University (R2202/08) and UWA (Ref: F15811) and samples
collected with the owner‟s consent. The species of snake responsible was, in both cases
determined by VDK.
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6.2.3 Tissue collection and processing
Mice were injected with 3ug Ptv, 3ug Nav or PBS (n=2 per group) subcutaneously and
lung, heart, muscle, kidney and liver harvested after immediately after euthanasia, 16
hours post injection. Tissue was harvested and frozen in OCT freezing medium on dry
ice, each tissue block was then stored at -80ºC until required. For clinically envenomed
canine and feline patients, within 1 hour of death, two biopsy samples were collected
from the patient‟s lung, heart, kidney and Gastrocnemius muscle. One sample of each
tissue was immediately frozen in OCT freezing medium stepwise on liquid nitrogen and
stored at -80ºC until required. The second biopsy sample of each tissue was placed in
10% formalin at room temperature until required. Post mortem blood was also collected
from the canine. Urine and serum samples were collected from the feline patient
(chapter 4) as part of normal treatment.

The frozen murine and canine patient tissues were trimmed and sectioned (10µm
sections) on a Leica Microtome (Model CM30505). Once cut and placed on histological
slides, each was fixed for 5 minutes in ice cold acetone. Fixed slides were then stored at
-80ºC until required for staining.

For formalin fixed tissue (canine and feline), segments of the Gastrocnemius muscle,
lung, kidney and heart tissue were oriented to obtain transverse sections and immersed
in 50% alcohol until processed. Tissues were processed by the Histology Department
(Technologists Michael Slaven and Gerard Spoelstra), School of Veterinary and
Biomedical Science, Faculty of Health Science, Murdoch University. In brief, tissues
were processed on a Tissue Tek VIP tissue processor with tissues being dehydrated with
changes in various concentrations of alcohol. Tissues were then embedded in paraffin
using a Leica EG 1150C and 4µm sections cut on a Leica microtome. Sections were
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stained as described below and two unstained slides of each tissue section were reserved
for IHC analysis.

6.2.4 Haematoxylin and Eosin and Martius Scarlet Blue staining
Mouse and canine frozen tissue sections were stained using an in-house Haematoxylin
and Eosin (H&E) staining protocol. Martius Scarlet Blue (MSB) staining, to visualise
fibrin (red) and connective tissue (blue) of frozen canine sections was completed by
pathologists at the Department of Core Clinical and Biochemistry at Royal Perth
Hospital. All paraffin embedded (canine and feline) tissue slides were stained with H&E
and MSB stains by the Murdoch (Veterinary) Anatomical Pathology team. Slides were
examined by light microscopy in consultation with Dr Nahiid Stephens, Associate
Lecturer in Pathology, School of Veterinary and Biomedical Science, Murdoch
University. Dr Stephens provided an Anatomical Pathology Surgical Biopsy Report
based on her findings.

6.2.5 Immunohistochemistry (IHC)
Both monoclonal (mAb) and polyclonal (pAb) antibodies raised to detect PtPA, NsPA,
Notexin and a Tcv PLA2, both unconjugated and biotinylated (method described in
Chapter 3) were optimised for use in IHC using normal and envenomed mouse frozen
tissue sections. Each of the antibodies was tested on each mouse tissue type at varying
concentrations (1:50, 1:100 and 1:200). Similarly, secondary antibodies (anti-mouse
FITC, anti-rabbit AF488 and Streptavidin-Cy3) were titrated to determine optimal
working dilutions.
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Frozen Sections: Acetone fixed sections were removed from -80ºC storage and had a
pap pen applied around each section. Slides were washed in PBS three times (5 minutes
each) and blocked with 2% BSA/PBS with 0.05% Tween20 (T20) for 30 minutes. Since
biotinylated antibodies were being used, endogenous biotin required blocking
(predominantly in the liver); this step was only performed on frozen murine tissue. To
facilitate, streptavidin was first added at 0.1mg/ml diluted in wash buffer (0.05%
T20/PBS) for 15 minutes at room temperature followed by 3 further washes. 100µl of
D-Biotin at 0.5mg/ml was then added to sections and incubated for 50 minutes (RT),
with a further 3 washes to follow. Primary antibodies were appropriately diluted and
along with PBS (secondary alone control) were added at 50µl/slide and incubated for 1
hour in a humidified chamber. Sections were again washed three times with wash buffer
and appropriately diluted secondary antibody added for a further 1 hr incubation in the
dark. Slides were washed a further three times, with the final wash containing a 1:5000
dilution of Hoechst stain, to identify the cell nuclei. Slides were wet mounted with 80%
Glycerol/PBS and visualised on an inverted fluorescence microscope (Olympus, IX71)
and images captured with an Olympus (DP70) camera.

Paraffin embedding: Prior to staining with antibodies, paraffin embedded tissue were
deparaffinised and subject to an antigen retrieval method. This was accomplished by
initially immersing the slides in 3 changes of SOLV (Xylene substitute) solution for 10
minutes each. Slides were then transferred into 100% alcohol (3 changes, 3 mins each)
and then into 95%, 70% and 50% ethanol respectively for 3 minutes each. Slides were
then rinsed twice with 300ml PBS for 5 minutes and processed for antigen retrieval. In a
staining container, slides were immersed in citrate buffer (10mM, pH 6.0) and incubated
at 95ºC for 10 minutes, at which time, the staining container was removed from the
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water bath and slides allowed to cool for 20 minutes. Slides were again washed twice
with PBS and blocked with 10% FBS in PBS. A pap pen was applied around each
section and primary antibodies added. On the first section of each tissue, mouse antiCD146 mAb (Abcam, USA) and rabbit anti-NsPA pAb Biotin (In-house) were added at
dilutions of 1:500 and 1:250, respectively in 0.5%FBS/PBS. To the second sections
0.5% FBS/PBS alone was added, these slides intended to serve as secondary controls
for each tissue type for each species of animal. Primary antibodies were incubated on
slides overnight at 4ºC in a humidified chamber. Slides were washed with 2 changes of
PBS for 5 minutes each followed by the application of appropriately diluted secondary
antibodies to each slide; anti-mouse FITC and Streptavidin-Cy3. After a further 1 hour
incubation and a further two washes with PBS, the slides were washed a final time in
PBS containing a 1:5,000 dilution of Hoescht stain (Amersham). The dyes in the
Hoescht stain bind to the cell‟s DNA causing it to fluoresce blue. Slides were viewed on
an inverted fluorescent microscope as described above.
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6.3 Results
6.3.1 Case Histories
Case 1 Canine
Collie Cross Kelpie, 2 yrs old, Female. Dog presented to MPEC in cardiac and
respiratory arrest within 1 to 2 hours of suspected time of bite. Upon presentation, the
patient was intubated and ventilated and CPR was administered. Despite drug
administration (adrenaline, atropine and IV Hartman‟s at shock rates) and 4 attempts at
defibrillation there was no response. The owners decided to halt CPR given the poor
prognosis. A VDK was performed on post mortem serum which was strongly and
immediately positive for Tiger snake venom. The circulating serum crude venom
concentration (post mortem) was determined to be 22.5ng/ml and notexin level
11.1ng/ml by DELFIA (Chapter 4, Figure 4.7).

Case 2 Feline
Domestic Shorthair, 1 year old, Male. Cat presented to MPEC early in the morning after
having appeared normal the night before. On initial physical examination, the patient
was in lateral recumbency with flaccid paralysis of all 4 limbs. There was generalised
Lower Motor Neuron (LMN) paralysis, weak palpebrals (eyelid/eyebrow), dilated
pupils, absent pupillary light response (PLR). VDK on urine was strongly positive to
Tiger snake venom. APPT was 75s (normal range, nr of 60 to 115), Serum Creatine
kinase (CK) was 93,800 U/L (normal range of 50 to 100). Symptoms progressed to
severe LMN paralysis and the cat became hyoptensive, hypothermic and hypoxic. Urine
showed signs of haemaglobinuria and/or myoglobinuria. Treatment included
Chlorpheniramine (1mg/kg) IM and 7 vials of antivenom. Two vials of Summerland
Serum Tiger/Multibrown antivenom were administered within 15 minutes of the initial
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exam, a third vial 3 hours later, another one vial 3 hours later and further 3 vials 7 hours
after the first (7 vials in total). At this stage the cat was hypoventilating (PvCo2 =
73mmHg, and ETCO2 = 60mmHg) with decreased respiratory effort and rate. At this
point ventilation was commenced.

Flaccid paralysis remained through the evening and the patient was maintained under
light anaesthesia with alfaxalone by continuous rate infusion (CRI). Mild improvement
was seen the following day, with the cat able to move and objecting to the endotracheal
(ET) tube but displayed ongoing hypoventilation when attempting to wean from the
ventilator. On day 3, CK levels > 805,000 U/L, AST = 6,440 (nr 26 to 43), ALT = 1,520
(nr 0 to 83) with urea and creatine normal. Complete blood count (CBC) showed mild
anaemia with a mild increase in platelets. A mild improvement in neurological status
was observed and although the patient could maintain ETCO2 levels in normal ranges
for up to 30 minutes, the patient quickly fatigued. On day 4, CK serum concentrations
remained above 226,000 U/L, AST = 1,520 and ALT = 1,360. Despite extensive
treatment, the cat went into cardiac arrest during an ET tube change. The cat failed to
respond to CPR/adrenaline and subsequently died.

Serum crude venom (Nav)

concentration (pre treatment) was found to be 28.7ng/ml and notexin detected at low
levels (at LoD) as shown in Chapter 4, Table 4.7.

6.3.2 Histopathological changes and IHC in envenomed tissue
The first objective of this work was to establish whether or not the developed and
characterised antibodies to snake venom toxins would be functional on fresh frozen
envenomed tissue. Mice were injected with sub lethal doses of P.textilis venom,
N.scutatus venom or saline and tissues removed and frozen in OCT on dry ice. Frozen
sections from mice did not give clear enough resolution to comment on the
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histopathological effects of the venom, possibly due to the sub lethal dose administered.
In

clinically

envenomed

canine

and

feline

formalin-fixed

histopathological findings were observed, as described below.

tissue,

several

Non-envenomed

(normal) feline and canine tissue were acquired (from routine post mortem analysis) and
assessed as non-envenomed controls in both histopathological and IHC experiments and
an experienced Veterinary Pathologist consulted to ensure changes noted were a result
of venom effects and not seen routinely in „normal‟ tissue.

CD146 is a transmembrane protein belonging to the immunoglobulin supergene family,
is expressed on normal human (cross reacting with canine) endothelial cells, smooth
muscle and subpopulations of activated T cells. This molecule is thought to be involved
in cell adhesion and migration [280] in the vascular endothelium. As this work was
seeking the localisation of the procoagulant venom components, this antibody was
selected to identify blood vessels. This commercial antibody has only been optimised on
IHC on frozen tissue.

6.3.2.1 Heart
Canine
There were multifocal areas of diapedesis and mild haemorrhage that appeared to be
disrupting cardiac myocytes, some of which may in part due to the fact that the tissue
was not perfused. As seen in Figure 6.1, erythrocytes were seen to be leaking out from
intermyocyte capillaries into the cardiac myocardium. There was no evidence however
of cardiac myocyte degeneration or necrosis. No fibrin or thrombus formation was
apparent. In IHC experiments using frozen tissue, when staining with anti-NsPA IgG,
there was an apparent dull staining of the entire myocardium when compared to the
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secondary alone control. A similarly dull speckled staining was also observed
throughout the cardiac muscle tissue (data not shown).

A.

B.
Figure 6.1 Tiger snake envenomed canine cardiac
muscle. Paraffin embedded tissue. A. Cardiac
myocardium, x 200, MSB Stain. B. x 400, H&E stain.
Notice the areas of erythrocyte (yellow in image A and
red in image B) leakage into cardiac muscle tissue
(arrows); diapedesis and mild haemorrhage.

Feline
The only remarkable finding in the feline heart was that there was a small early
thrombus in a vein within the epicardium (Figure 6.2B and C). The epicardium in all of
these images is composed of fatty connective tissue which surrounds the heart and
contains large coronary arteries and cardiac veins. As the feline had been treated with
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AV, it was decided that frozen sections would not be appropriate for staining as it was
unlikely to detect venom after the administration of 7 vials of AV.
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Figure 6.2 Tiger snake envenomed feline cardiac tissue. A. Cardiac tissue, x 100, H&E stained. Epicardium (Ep) on the right containing
coronary arteries containing red blood cells (red) among fatty adipose tissue and Myocardium (Myo) to the right. B. x 200, MSB stained.
Myocardium at bottom left corner, and epicardium to the right, containing a coronary artery (CA) and vein (CV) surrounded by muscular
connective tissue (Collagen stains blue). The vein (top right) contains a thrombus, C. x 400, MSB stained. A higher magnification of the thrombus.
Notice that the thrombus inside the vascular lumen (VL) is made up of red blood cells (yellow), and inflammatory cells amongst a meshwork of
fibrin (red).
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6.3.2.2 Lung
Canine
In the canine lung, there was multifocal to coalescing alveolar atelectasis (collapse),
hence the lungs have been unable to fully inflate. Some of this may have been in
part post-mortem. Many of the alveoli were filled with pale eosinophilic
(proteinaceous) fluid. In normal tissue, these spaces are filled with air and the
changes are consistent with the presence of oedema. There were also signs of
diffuse hyperaemia of the alveolar septa as well as of the vasculature in general.
Mild to moderate haemorrhage into the alveoli, bronchioles and bronchi was
observed. Bronchi were distinguishable from bronchioles by the presence of
supportive cartilage in the surrounding connective tissue. Figure 6.3A illustrates a
pulmonary blood vessel and two bronchi filled with proteinaceous fluid (pink) and
infiltration of erythrocytes (yellow) and macrophages. At a higher magnification in
Figure 6.3B, the lacey material present in the bronchioles is illustrated, while
normal canine pulmonary tissue shown in Figure 6.3C and D shows no alveolar
collapse and clear bronchi.
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Figure 6.3 Tiger snake envenomed canine lung tissue. A. x 100, MSB
stained. Notice the general congestion and a blood vessel (BV) filled with
erythrocytes (yellow) and two Bronchi (BR) filled with an eosinophilic
material and the presence of erythrocytes, indicative of mild haemorrhage. B.
x 200, MSB stained. Note hyperaemia (influx of erythrocytes – yellow) into
the alveolar septa and alveolar atelectasis. Also apparent is the lacey material
present in the bronchioles (br).C. and D. Non-envenomed canine lung, x 100,
and x 200 respectively, MSB stain.

As seen in Figure 6.4A in the canine lung, when probing the tissue with an antiCD146 mAb (than FITC) and an anti-PtPA Biotinylated mAb (clone B148.3, then
Strep Cy3), the resultant tissue showed double staining in and around the blood
vessels. There also appears to be punctate PA staining throughout the pulmonary
tissue, particularly in and around the bronchioles and alveoli. A Hoechst stain of the
cell nuclei is illustrated in Figure 6.4B for comparison and indicates the presence of
a blood vessel (BV) and bronchiole (br) as determined by comparison to H&E and
MSB slides by light microscopy.
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Figure 6.4 Immunohistochemical staining of tiger snake envenomed Canine
lung tissue. Frozen tissue. A. x 100, stained with anti-CD146 (green) and anti-PtPA
mAb (red). Notice double staining in and around blood vessels, also visible is
punctuate staining in some bronchioles and alveoli. B. x 100, Hoescht stain, showing
nuclei of cells.

IHC on paraffin embedded canine lung resulted in multifocal to coalescing intense
staining using the anti-NsPA pAb, indicating that there is a significant amount of
venom present in this tissue (Figure 6.5). The anti-CD146 antibody was not
functional on paraffin embedded sections and so it was difficult to determine exactly
where the venom was localised. It appears as though the toxins are not confined to
one specific location (i.e./ the blood vessels, bronchi or bronchioles) but are scattered
throughout the tissue. The staining pattern observed appears consistent with the
appearance of nerve fibres, to be confirmed with further investigation.
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fluorescence observed maintained focus with the tissue and was not present in the
secondary alone controls, indicating that it is not likely to be an artefact. Figure 6.5
(A-C) illustrate the detection pattern of the anti-NsPA Biotin/ Strep Cy3 combination
in the paraffin embedded canine lung at x 200 magnification (A) and at x 400 (B and
C). For each field of view illustrated, anti-NsPA fluorescence and Hoescht signal
merged images are presented and 6.5 D-F represent non-envenomed canine lung
controls, stained with anti-NsPA Biotin/ Strep Cy3 (D), Hoescht (E) and Strep Cy3
control (F).
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Figure 6.5 Anti-NsPA staining of Tiger snake envenomed canine lung tissue (paraffin). Formalin fixed post-mortem pulmonary
tissue was process and embedded in paraffin. Sections were deparaffinised and stained with an anti-NsPA pAb (left) and Hoechst stain,
a merged image of is presented (centre). A. x 200, B. and C. x 400. Notice the antibody staining (red) and cell nuclei (blue). D. Non-envenomed
canine lung, x 200, stained with anti-NsPABiotin/Strep Cy3, E. x 200, Hoescht stained non-envenomed canine lung and F. Non-envenomed canine
lung, x 200, Strep-Cy3 secondary alone control.
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Feline
Similar to the canine lung, the feline lung also showed multifocal to coalescing
aleveolar atelectasis with diffuse hyperaemia in the alveolar septa as well as the
overall vasculature (Figure 6.6A). Represented in Figure 6.6B are the thickened
alveolar septa, showing an accompanying type II pneumocyte hyperplasia. In this
image, the occasional neutrophil and lymphocyte are seen in the interstitium as well
as an increase in alveolar macrophages. There were multifocal small aggregates of
red fibrillar deposits (fibrin) visible with MSB staining throughout the alveolar
septa and occasionally in the alveolar lumens themselves (6.6B, indicated by
arrows). In one of the two sections examined, a large muscular artery was observed
with a large (2 x 0.8mm) poorly organised, early thrombus in its lumen, as shown in
Figure 6.6B. This was confirmed as a thrombus by MSB staining where the mass
contained fibrin (red), erythrocytes (yellow) and a lesser number of lymphocytes
(nuclei are brown/black), clearly seen at high magnification in Figure 6.6D. Several
smaller thrombi are also visible in smaller vessels (Figure 6.6A). Non-envenomed
Feline pulmonary tissue is presented in Figure 6.6E and F with no alveolar collapse,
thrombus formation or congestion apparent.
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Figure 6.6 Tiger snake envenomed feline pulmonary tissue. Evidence of alveolar
atelectasis and diffuse hyperaemia and pulmonary thrombus. A. x 100, H&E stained. Notice
the thickening of the alveolar septa (a) and the thrombi (Thr) in the smaller blood vessels
(BV). A lacey material can be seen in the bronchus (Br) B. x 200, MSB stained. Observe
multifocal small aggregates of red fibrillar deposits throughout the alveolar septa and
occasionally in the alveolar lumen, indicated by arrows. C. x 200, MSB stained. Large
bronchus (Br), filled with a pale proteinaceous material and surrounded by with Hyaline
cartilage (Hc). Above the bronchus is a large Blood vessel lumen (BVL) containing an early
thrombus, D. x 400, MSB stained. Large pulmonary thrombus within a large muscular artery
composed of erythrocytes (yellow), leukocytes (nuclei brown/black) and fibrin (red/pink).
There are also clusters of platelets which appear amphophillic or lavender (between pink and
purple). E. and F. Non-envenomed feline lung, x 100 and x 200 respectively, MSB stain.
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6.3.2.3 Kidney
Canine
Evident in the canine kidney was multifocal to coalescing tubular epithelial swelling
(hydropic change). Hydropic change is a degenerative change in which cells swell with
fluid and become vacuolated, manifested by the accumulation of serous fluid in tissue
spaces. Some individual epithelial cells appeared hypereosinophilic, many with
shrunken, pyknotic nuclei. This appearance without an accompanying inflammatory
response is indicative of mild post-mortem autolysis. Also apparent in the kidney was
multifocal to coalescing hyperaemia, particularly in the outer medullary vasa recta
vasculature (Figure 6.7A). Small, focal, interstitial aggregates of predominantly
lymphocyte (with occasional plasma cells and macrophages) were also visible in the
medulla (Figure 6.7B, indicated by arrows). A small thrombus formation was observed
in the renal cortex, confirmed by a MSB stain, illustrated in Figure 6.7C. No signs of
proteinuria or necrosis were observed.

In IHC experiments on frozen canine kidney tissue, the anti-NsPA pAb showed staining
in and around the glomerular capsule in the renal cortex as well as in surrounding
tubules (Figure 6.7D). A Hoechst image and secondary alone control are presented in
Figure 6.7E and F respectively for comparison.
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Figure 6.7 Tiger snake envenomed Canine kidney tissue: Histopathology and IHC. A. x 200, MSB stained. Apparent is multifocal to
coalescing hyperaemia in the outer medullary vasculature, with erythrocytes (yellow) B. x 200, H&E stained. Notice the interstitial macrophages
indicated by arrows in the medulla. C. x 100, MSB stained. The renal cortex with a blood vessel (BV) containing a small thrombus formation (red).
D-F. x 400, IHC staining on frozen tissue sections, D. stained with anti-NsPA AF488. Notice areas of bright staining in and around the glomerulus
(Gl) and surrounding tubules. Bowman‟s space (Bs) is also indicated. E. Hoechst stain and F. anti-rabbit AF488 secondary alone control.
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Feline
As in the canine kidney, tubular epithelial swelling with occasional pyknotic nuclei was
observed in the feline kidney, indicative of post mortem autolysis. Also apparent was
multifocal hyperaemia. Many of the glomeruli appear irregular in shape and
demonstrate an expanded Bowman‟s space, filled with an amorphous pale pink, lacelike eosinophilic material as illustrated in Figure 6.8A. On examination by MSB stain,
there appear to be occasional and subtle red round to occasional fibrillar (fibrin)
deposits in the glomeruli; glomerular capillary thrombus formation and rarely in the
Bowman‟s space. A Periodic Schiff Stain (PAS) stain was used to confirm mild
scattered tubules affected by proteinuria in the proximal loops of Henle and Bowman‟s
space (Figure 6.8B and C respectively). An MSB stained non-envenomed feline
glomerulus is presented in Figure 6.8D for comparison. There were also occasional
areas of tubular mineralisation, an incidental finding, which is also found in normal
tissue (personal communication, Dr Nahiid Stephens). This appears as a dark purple
precipitate and is a result of calcium phosphate microcrystal precipitation, occurring
commonly in cats often as an incidental finding owing to their enhanced urine
concentrating ability. No distinct staining above background fluorescence was observed
in the feline kidney, which may be a result of combination of the administration of AV
and the time since envenoming (>4 to 5days), as opposed to the canine, which was 1 to
2 hours since envenoming.
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Figure 6.8 Tiger snake envenomed Feline Kidney Tissue. A. x 400, MSB stained. Notice the
irregularly shaped glomeruli (GL) with expanded Bowman‟s space (Bs) filled with eosinophilic
material. Arrows indicate fibrillar deposits (bright red). Proximal convoluted tubules (PT), distal
convoluted tubules (DT) and Collecting tubules (CT) indicated B. x 200, PAS stained and C. x
400, PAS stained. Notice occasional minor proteinuria in the proximal loops of Henle (PL) and
Bowman‟s space, D. Non-envenomed feline glomerulus, MSB stained, x 400.
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6.3.2.4 Gastrocnemius Muscle
Canine
There were no significant histopathological findings to report after examining the
stained canine GM tissue by light microscopy. Figure 6.9 are tissue images presented to
act as a comparison to the feline tissue. No signs of muscle fibre degeneration were
observed.

A.

B.

C.
Figure 6.9 Tiger snake envenomed Canine GM tissue. A. x 200, H&E Stain
and B. x 100, MSB stained. No obvious sign of myonecrosis, C. x 400, H&E
stain, non-envenomed canine muscle.
Although it may have been too early in the envenoming (1 to 2 hours) to observe
histopathological changes to the canine GM tissue, IHC revealed that venom was
present. Staining was observed when probing the tissue with biotinylated anti-

NsPA pAb followed by strepatvidin-Cy3 (red). As seen in Figure 6.10A, there is
a punctate staining pattern through the muscle tissue itself and the antibodies
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appear to have bound to toxins within the vasculature (centre bottom bundle),
which is interesting. The staining observed was greater than the fluorescence
intensity of the secondary alone control (Figure 6.10B) at the same exposure. A
Hoescht stain is presented for comparison in Figure 6.10C and a merged image
presented in Figure 6.10D, where it is apparent that the cell nuclei (blue) and the
antibody staining overlaps in some areas.
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Figure 6.10 Immunohistochemical staining of tiger snake envenomed canine
skeletal muscle tissue. Formalin-fixed paraffin embedded x 200, A. Stained with antiNsPA Biotin and detected with Streptavidin-Cy3. Notice the bundle of cellular
material which is within the vascular endothelium as well as punctuate staining
through the muscle tissue. B. Streptavidin-Cy3 secondary alone control. C. Hoescht
stains and. D. Merged images A and C. E. x 100, non-envenomed canine muscle, antiNsPA/ Strep Cy3 stain and F. x 200, non-envenomed canine muscle, Strep- Cy3 alone
control.
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Feline
Unlike in canine GM tissue, various histopathological changes were observed in
the feline skeletal muscle. As seen in Figure 6.11A, there were multifocal to
coalescing muscle fibres scattered throughout the two sections examined, which
appeared to be hypereosinophilic and irregular in shape and size. Some fibres
were swollen with a glassy homogenous appearance, and others were shrunken
and fragmented, indicating myonecrosis. Also seen was a multifocal to coalescing
moderate inflammatory infiltrate, consisting of predominantly macrophages and
occasional lymphocytes, best seen in Figure 6.11B. The MSB stained tissue
highlights the location of individual (to occasionally grouped) necrotic fibres (pale
basophilic or blue to purple as opposed to the brightly eosinophilic or red, healthy
myofibres). Many macrophages can be seen actively phagocytosing the
devitalised and fragmented muscle fibres (Figure 6.11C and D). No
fibrin/thrombus formation was noted. Figure 6.11E and F illustrates nonenvenomed feline muscle tissue with no sign of myonecrosis.
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Figure 6.11 Tiger snake envenomed Feline GM tissue. Formalin-fixed
paraffin embedded tissue. A. x 100, MSB stained. Notice the scattering of
necrotic muscle fibres highlighted in blue/purple. B. x 200, H&E stained. Muscle
fibres with moderate inflammatory infiltrate. C. x 200, MSB stained and D. x
400, MSB stained, both showing individual and grouped necrotic fibres and
inflammatory infiltrate. All arrows indicate the presence of individual
macrophages phagocytosing necrotic muscle fibres. E. x 200, H&E stained, nonenvenomed feline muscle and F. x 200, MSB stained non-envenomed feline
muscle.
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The only tissue in the cat showing any signs of antibody reactivity was the muscle
tissue. Although not as prominent (brightly stained) as in the canine tissue, a similar
scattered staining pattern was noted. In Figure 6.12A, several brightly stained spots
within the interstitium, (between the bundles of muscle fibres) are apparent as well as
many less intensely stained spots throughout the interstitium and the tissue.

A

comparative Cy3/Hoescht merged image is presented in Figure 6.12B and nonenvenomed feline muscle tissue staining in Figures 6.12C and D.
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Figure 6.12 Anti-NsPA staining of Tiger snake envenomed feline skeletal muscle tissue.
x 200, A. Stained with anti-NsPA Biotin/ streptavidin-Cy3. Notice the bright staining in
several places along the interstitium between two sections of muscle tissue and a scattering
of less intense spots throughout the interstitium and the tissue itself B. Anti-NsPA/Strep Cy3
and Hoescht merged image, C. x 200, anti NsPA Biotin/ Strep Cy3stained non-envenomed
feline muscle tissue and D. x 200, Strep Cy3 secondary control, non-envenomed feline
tissue.
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6.4 Discussion

The purpose of the work was firstly to assess the histopathological changes in several
organs of clinically envenomed tiger snake patients and secondly to conduct preliminary
experiments to localise venom toxins in vivo. The two envenomed patients examined for
this chapter were both bitten by tiger snakes, as confirmed by VDK. A drawback of this
study was the limited number of cases. Normal, non-envenomed canine and feline tissue
were included for comparison and the histopathological analysis completed in
consultation with an experienced Veterinary Pathologist. This ensured that no signs
commonly presenting in normal domestic animals have been misinterpreted as venom
induced effects.

Although it is widely reported that tiger snake venom causes procoagulant
coagulopathy, these effects have not been supported by histopathological findings.
Tibballs et al., (2002) [281] reported echocardiographic observations of thrombus
formation within the chambers of the heart in experimentally envenomed dogs,
confirming that tiger snake envenoming may result in disseminated intravascular
coagulopathy. On the other hand, the pathological effects of the neuro- and myotoxin
Notexin from this venom has been well described in muscle tissue. The most widely
studied snake venom toxins causing visible histopathological changes in experimental
animals are myotoxic toxins and two types have been described to date; polypeptides
(like crotamine and myotoxin a from Crotalus venoms- American pit vipers) which are
free of enzymatic activity [282] and the phospholipase A2 toxins, like Notexin, found in
the Notechis venoms [283, 284]. Many myotoxins have been isolated and characterised
from snake venoms worldwide which have been extensively reviewed by Mebs and
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Ownby, (1990) [283]. In respect to Australian elapid derived myotoxic components,
toxins like notexin, notechis II-5 and taipoxin act by binding to the motor nerve end
plate at the presynaptic site and block transmitter release [284] and their structure and
modes of action have previously been reviewed by Harris et al., (1982, 2000) [231,
277].

6.4.1 Pathological venom effects and venom localisation
Both frozen (canine) and paraffin (canine and feline) embedded sections were utilised
for immunohistochemical staining. It has previously been noted by colleagues that
paraffin embedded tissue is not suitable for IHC, but by following a rigid protocol to
deparaffinise sections and incubating primary antibodies on the tissue overnight,
staining was generated in several tissue samples. The anti-NsPA antibody generated inhouse was raised in rabbits against a commercially available purified NsPA product. As
shown in previous work (Chapter 5), this commercial product contains some low
molecular weight (LMW) notexin contamination and so the pAb preparation is in effect
against several components of Notechis venom. Any staining using anti-NsPA pAb seen
in the tissues cannot therefore be attributable to any one toxin and must be confirmed
with a specific panel of monoclonal antibodies. MAb 25.8, shown in previous work to
bind to notexin failed to bind the toxin in either frozen or paraffin embedded tissue.
This is not surprising as mAbs bind only one epitope and it is unusual that mAbs are
functional by ELISA, Western Blot as well as immunohistochemical analysis (frozen
and paraffin). A polyclonal antibody on the other hand, binds multiple epitopes, so
variations in conditions and presentation of the eptiopes is less likely to have an impact,
allowing the toxins to be detected.
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6.4.1.1 Heart
In the canine tissue, mild, peracute, multifocal haemorrhage was observed (Figure 6.1 A
and B). It is possible that this observation was in part due to the tissue not being
perfused during collection, which was not possible for this work. This finding however,
is consistent with findings reported by Tibballs in an experimental dog model of tiger
snake envenoming [281]. The canine heart tissue was collected 1 to 2 hours post bite
and as changes were apparent in this short time period, this is suggestive that the
coagulopathic venom toxins are fast acting toxins, exerting their effects soon after
envenoming. Although there were no signs of cardiac myocyte degeneration (indicative
of myotoxic venom activity) in the dog or cat heart tissue, a small epicardial thrombus
was detected in the feline heart sections, indicative of procoagulant toxin action. As
seen in Figure 6.2B and C, MSB staining confirmed the intravascular mass as a
thrombus, being composed of fibrin (red) and cellular material. In the frozen canine
tissue (not shown), using anti-NsPA pAb /AF488, a dull staining of the cardiac
myocardium was shown with a light speckling (green) distinct from the cell nuclei (not
shown). This may be consistent with staining of the motor nerve plates, where some
toxins have been shown to localise. Confirmation using other techniques such as silver
staining is required.

6.4.1.2 Lung
In both the envenomed canine and feline lungs (Figures 6.3 and 6.6 respectively),
multifocal to coalescing alveolar atelectasis was observed and notably absent in nonenvenomed animal tissue. In the canine, moderate to severe acute atelectasis with
oedema, haemorrhage and diffuse hyperaemia was observed accompanied by mild,
chronic multifocal infiltration by pulmonary macrophages containing intracytoplasmic
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brown to black granular material, suggestive of silicosis (or “anthracosis”), a completely
incidental finding unrelated to venom effects. Figure 6.3B also illustrates the presence
of a proteinaceous material throughout the bronchioles and alveolar spaces which was
also apparent in the feline sections studied. This supports that lack of respiratory
function in both animals. In the feline lung tissue, moderate, acute diffuse neutrophillic
and lymphocytic interstitial pneumonia was diagnosed as well as the observations of
fibrinous exudation (Figure 6.6B, arrows) and several thrombi located within the
vasculature. In figures 6.6A, C and D, the thrombi can be easily visualised and would
more than likely manifest clinically with the patient finding it difficult to breathe. The
cat had been ventilated for several days post envenoming and went into cardiac arrest
when being weaned off the ventilator. It is likely that the venous thrombosis was
directly caused by the original snake envenoming, but time spent on the ventilator may
have contributed to the fibrous alveolar exudates observed.

Direct pathological thrombosis, more specifically pulmonary embolism as a result of
snake envenoming has only previously been described in envenoming cases involving
the Martinique vipers and related species from the West Indies [285, 286]. It has been
suggested that in true coagulopathy a brief window of thrombus formation as the toxin
enters the circulation is expected [68], which prior to the activation of fibrinolysis gives
rise to the consumption of coagulation factors, seen clinically in patients. Thrombus
formation has been documented experimentally in dogs in response to brown snake
envenoming [69, 287]. Thrombi have been detected in small vessels within muscle
tissue of tiger snake (experimentally) envenomed dogs however, to date this has not
been shown in clinically envenomed tiger snake patients. This work has shown
pulmonary thrombus formation as well as emboli observed in heart and kidney tissues.
It has been suggested that even a few minutes of such thrombotic complications can be
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devastating for the victim and the occlusion of critical vessels by the developed thrombi
can result in cardiac arrest and death [68]. In this case, upon arrival, the cat showed no
signs of coagulopathy (normal APTT) and had survived several days post envenoming
but was unable to breathe unaided by artificial ventilation and subsequently died. The in
vivo coagulation changes after Australian elapid envenoming is a poorly understood
area of venom research. It is further complicated by differences among individual
patients in the amount of venom injected, the bite site (often not identified in domestic
animal patients), the definition of exact snake species responsible and the time frame
between envenoming and treatment with effects of each of the above requiring
elucidation.

An interesting finding was in the canine lung, where mAb B148.3, shown previously
(Chapter 3) to bind to the FV-like subunit of PtPA (not present in Nsv) stained in and
around the vascular endothelium (Figure 6.4). A possible explanation for this is that, for
the venom procoagulant (FX-like protein) to function it must recruit the victims own
FV-like molecule and this mAb (B148.3) may cross-react with canine FV molecule.
This result would then suggest that some mild thrombus formation was detected within
the blood vessels, to be confirmed in future cases. In paraffin sections, the most striking
staining was seen in the lung (Figure 6.5) and intense fluorescence seen throughout the
tissue, not appearing to be localised to any one structure (i.e. blood vessels, alveolar
septa, bronchioles etc) and not present in the non-envenomed control.

CD146, the molecule chosen to identify canine blood vessels, is expressed on the
surface normal human (cross reacting with canine) endothelial cells, smooth muscle and
subpolulations of activated T cells and so using this made it difficult to identify specific
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structures. This molecule is thought to be involved in cell adhesion and migration [280]
in the vascular endothelium. The commercial antibody against CD146 was not
functional using paraffin embedded tissue and so identification of structures was based
on bright light images and Hoescht stained sections, identifying the cell nuclei.

6.4.2.3 Kidney
Although Tiger snake envenoming has been widely reported to cause kidney damage in
clinically envenomed patients [32, 77, 288-290], it is unclear whether renal failure is a
direct result of the venoms nephrotoxicity or a secondary effect of myoglobinuria. The
latter resulting from the kidney‟s inability to manage the increased concentration of
proteinacious material being filtered through the them [291], the proteinaceous material
present due to the destruction of skeletal muscle cells by the venom myotoxins. It is also
true that damage to renal tissue may also be a result of generalised hypotension or from
the clearance of elevated amounts of fibrin degradation products as a direct result of the
massive coagulopathy observed. Histopathological change in renal tissue in response to
Australian elapid envenoming is an area poorly represented in the literature. Different
types of kidney damage induced by snake venoms and purified venom toxins (from
snakes found outside Australia) has been thoroughly reviewed by Sitprija et al., (1982)
[292] but will not be discussed further here as the main focus is on the Australian snake
venoms.

In this work, the canine kidney showed mild, chronic and focal interstitial
lymphoplasmacytic and histiocytic nephritis, which may be incidental, given its
duration would have preceded envenoming. In addition, in both canine and feline tissue,
multifocal to coalescing hyperaemia was observed, as illustrated in Figures 6.7A in the
dog. Interestingly, within the vasculature of the canine renal cortex, a small thrombus
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was observed (Figure 6.7D). Usually, thrombi are attached to the vascular endothelium,
however, in this case it is possible that the thrombus detached from the endothelium as
an embolus then was freely circulating through the patient‟s vasculature. One particular
study of the renal effects of tiger snake envenoming in experimental dogs showed the
presence of lesions, indicating acute tubular necrosis [279]. The author also noted the
presence of variable amounts of proteinaceous material within the renal tubules. This is
consistent with findings in this work, as shown in Figure 6.8B where mild proteinuria
was observed within the proximal loops of Henle and the Bowmans‟s space of the feline
kidney, indicative of increased glomerular permeability, suggestive of direct toxin
activity. Also noted were irregularly shaped glomeruli with expansion of Bowman‟s
space (Figures 6.8), indicative of increased glomerular permeability, suggestive of
direct toxin activity. In the cat, there was also evidence of tubular degeneration
(hydropic change), supported by previous findings of acute tubular necrosis by Lewis,
(1994) [279]. Interestingly, in canine frozen kidney, anti-NsPA staining showed a
punctuate staining pattern in and around the glomerulus and surrounding tubules (Figure
6.7D). This is not surprising considering the urine venom concentrations (4 to 35ng/ml,
n=3) detected in previous work (Chapter 4) in domestic animal patients prior to
treatment (1 to 10hrs post envenoming). This suggests that large amounts of venom are
being filtered through the kidneys which may contribute to the renal damage reported.

6.4.2.4 Skeletal Muscle
Skeletal muscle is composed of muscle cells (Type I and II) surrounded by thin layers
of connective tissue sheaths, through which blood vessels and nerves pass. The outer
sheath (epimysium) surrounds the entire muscle and is continuous and a thinner sheath
(the perimycium) surrounds bundles of muscle cells. The endomysium sheaths envelop
individual muscle fibres (as skeletal muscle fibres are actually fused syncitium) and
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contains the smallest blood vessels, capillaries. Each muscle fibre is composed of a cell
membrane (sarcolemma) and cytoplasm (sarcoplasm), some with many nuclei located
peripherally beneath the cell membrane [283]. Muscle fibres are in contact with nerves
by motor end plates which convey a signal to contract the muscle. The effects of tiger
snake phospholipase A2 myotoxins on muscle fibres have been well documented and
shown to produces skeletal muscle paralysis by inhibiting synaptosomal membrane
choline transport from nerve endings [293]. Some of these toxins have also been shown
to be potent neurotoxins [294]. Harris et al. [275, 276, 291, 295] showed that the
purified toxin notexin caused destruction of the myofibres in a mosaic pattern (much as
this work has described in feline skeletal tissue) and Preston et al., (1990) [278] found a
dose-dependent relationship between the extent of muscle loss and the amount of
venom injected in experimental animals.

In the feline muscle tissue, moderate, subacute, multifocal to coalescing monophasic
necrotising myositis was observed. Myotoxicity, as defined by Mebs and Ownby,
(1990) [283] is the specific venom action on skeletal muscle affecting muscle fibres
only, leaving other tissue structures (like connective tissue and vessels) effectively
unharmed. This was evident in the feline muscle, shown in Figure 6.11C and D.
Myotoxicity has been shown to often be accompanied by an inflammatory response,
characterised by an infiltration of the perivascular spaces by phagocytic cells [277],
which was clearly evident in the cat tissue illustrated in Figure 6.11B. No signs of
necrosis were observed in the canine muscle (Figure 6.9), which may be due to the short
time frame between the time since envenoming and subsequent presentation to MPEC
(2 to 3hours) as opposed to the cat, where this time period may have been up to 12
hours post bite. However, Lewis, (1981) [276] , after the injection of N.scutatus venom
into the muscle tissue of dogs, found segmental necrosis of the underlying tissue within
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1 hr of envenoming and the degeneration of fibres at 3hrs post bite. A major difference
here is that the toxin was delivered locally and directly to the musculature rather than
through the circulation as in the clinical patient described here. Arguably, if the bite site
was identifiable then the local musculature could have been examined; however this is
rarely positively identified in domestic animals. In Lewis‟s study, at 3hrs muscle fibres
were intensely eosinophilic, shrunken and displayed significant myofibril structural
loss. At 24hours post bite, neutrophils and macrophages could be seen actively invading
the tissue and macrophages actively invading necrotic fibres > 2days [279]. This is
precisely what was seen in the muscle tissue of the tiger snake envenomed cat in this
work. What is interesting is the striking selectivity of myotoxic phospholipases A2 for
susceptible muscle cells (Figure 6.11A), which has been described by others [296].
Preston et al., (1990) [278] reported that type 1 and 2a muscle fibres are more
susceptible to assault by myotoxins than type 2b fibres in typical mammalian mixed
tissue.

In the canine GM muscle (Figure 6.10), a staining pattern was observed consistent with
the histopathological changes observed in the feline muscle (Figure 6.11) but appeared
less intense than in the lung. Venom staining appeared the brightest in several spots
throughout the connective tissue between muscle epimysium with many less bright
spots appearing in the endomysium (shown to contain capillaries) and within the muscle
fibres themselves. The post mortem serum venom concentration from the dog was
previously found to be 24.45ng/ml (Chapter 4) and so finding toxins within these
capillaries would not be surprising. In this work it was not anticipated that venom would
be detected in the feline tissue as the cat had been treated with 7 vials of antivenom.
However, although not as prominent as in the dog, a mild scattered staining pattern was
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observed in the feline (paraffin-embedded) muscle (Figure 6.11A). Considering the
amount of myonecrosis observed in the feline muscle by standard histopathological
examination, it is not surprising that venom was detected within the tissue. It is possible
that the large horse IgG immunoglobulin molecules in the antivenom are not reaching
the toxins sites of action, such as the muscle.

It is well documented that antivenom therapy has limited efficacy against pre- and postsynaptic neurotoxins. Although antivenoms have been shown to be effective at
neutralising both types of neurotoxins, it cannot repair axonal damage caused by presynaptic toxins already bound, and so, paralysis already present is unlikely to be
reversed. Several researchers have commented on the likelihood of late administration
of antivenom in cases of tiger snake bite being associated with delayed response or slow
recovery from myo- and neuro-toxicity [67, 297], suggesting that if not given early,
antivenom may not be effective against these components. This has recently been
suggested using a model for coagulopathy and the taipan procoagulant. The
investigators showed that that the procoagulant has a short half- life and if antivenom is
not administered immediately after envenoming, it is unlikely to hasten recovery from
VICC [127]. In this work, antibodies identified venom bound to/near the endothelium
(Figure 6.4) in the canine lung. This raises questions about whether the venom PA is
being incorporated into clots (possibly bound to the endothelium), and whether the
venom detected is active or inactive. This localisation may help explain the brief
duration of the action of the PA suggested by other authors [127]. Although this work
does not offer direct proof of this, the antibodies have proved a useful tool.
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6.5 Concluding remarks
The work in this chapter has described the examination of post mortem heart, lung,
kidney and Gastrocnemius muscle tissue from two tiger snake envenomed animal
patients admitted to MPEC during October 2008 to March 2009. The dog, admitted 1 to
2 hours post bite showed mild haemorrhage within cardiac muscle tissue General
congestion, alveolar atelectasis, an increase in alveolar and interstitial macrophages and
hyperaemia were also observed in the lung. Intense staining was observed using antiNsPA pAb in envenomed tissue suggesting venom localised in the lung. Several
changes were observed in the kidney including hyperaemia, particularly in the outer
medullary vasa recta vasculature. What appeared to be a thromboembolus was also
found in a renal blood vessel. No degenerative change was detected in the canine
skeletal muscle tissue. In the cat, admitted approximately 10 hours post bite, one cardiac
and several pulmonary thromboemboli were observed in the heart and lung respectively.
There were multifocal red fibrillar deposits throughout the alveolar septa and
occasionally in the alveolar lumen themselves. Multifocal hyperaemia was also noted in
the feline lung and also in the kidney with many glomeruli appearing irregular in shape
showing distended Bowman‟s spaces filled with a eosinophilic, proteinaceous material.
MSB and PAS staining to detect fibrin and carbohydrate respectively were used to
confirm the presence of thrombi and myoglobinuria respectively. Staining of canine
kidney tissue with anti-NsPA pAbs showed venom present in and around the
glomerulus, consistent with the detection of venom in the urine of the feline (Chapter
4). The feline GM muscle (4 days post envenoming) displayed multifocal to coalescing
selective myonecrosis of the tissue in a selective manner, correlating to changes seen
previously in response to tiger snake envenoming in experimental animals. A useful
panel of antibodies have been developed against various Australian snake venoms and
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individual toxins for use in localising venom toxins in vivo in envenomed patient tissue
sections (frozen and paraffin embedded). The results suggest the presence of venom
toxins in each of the tissues examined. Findings must be confirmed in further snake
bites cases and with a more antibodies as well as a variety of snake species.
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Chapter 7
General Discussion
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A key part of the work described in this thesis has been to develop laboratory assays to
assist in furthering our knowledge of Australian elapid snake venoms and envenomings.
The production of a well characterised panel of antibodies was crucial to be able to
quantify snake venom in the blood and urine of snakebite victims and identify venom
toxins in vivo in envenomed tissue. Chapter 3 describes the production and
characterisation of antibodies that have been subsequently used for the development of
immunoassays to detect venom and venom components in envenomed patient samples,
19 human patients recruited to ASP and 13 recruited by MPEC. High titred antibodies
were successfully generated using low venom doses combined with Freund‟s adjuvant
indicating the immunogenicity of the venom toxins and the efficacy of Freund‟s
adjuvant in stimulating a strong immune response.

Over 350 positive mAb clones to Ptv, Hsv, Tcv and Nav were produced. Of these, 114
were partially characterised and 26 were cloned, purified and labelled for assay
development. Twenty one of these were found to be reactive to various components of
Ptv, 2 to Notexin and 3 to a phospholipase A2 in Tcv (Table 3.2). MAb reactivity was
confirmed by ELISA, Western Blot analyses and Mass Spectrometry. A further 50 mAb
clones are available for further characterisation and future assays. Furthermore, a total
of 11 pAbs and 2 species-specific pAbs were also generated (Appendix 3.3 and Figure
3.11) against Nav, Nsv, Hsv, Tcv, Ptv and Osv, PtPA, NsPA, OsPA. The speciesspecific pAb preparations have been developed into a DELFIA system capable of
differentiating between the closely related tiger snake venoms (Chapter 4) and those
developed against crude venom and PAs tested for their ability to neutralise the
procoagulant effects of each of these venoms (Chapter 5). MAb and pAbs were also
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optimised for use in ELISA and in the development of sensitive quantitative DELFIAs
for the detection of the noted venom components, PtPA and Notexin.

The work in this thesis has focused on the coagulopathic effects of Australian snake
venoms as VICC is the commonest potentially lethal clinical problem encountered by
clinicians [77]. There remains uncertainty as to whether the clinical features and
severity of VICC vary between different species of snake, whether current antivenom
treatment is sufficiently effective, and whether supplementary clotting factor treatment
is required [239]. The overarching aim of this project was to improve our understanding
of VICC. This has been achieved by the development of diagnostic assays capable of
differentiating between the Australian tiger snake group (Notechis, Tropidechis and
Hoplocephalus) and quantifying crude venom and individual components in serial
serum and urine samples of envenomed patients.

In Chapter 4, the development of 9 DELFIA assays capable of measuring crude
Australian snake venoms (P.textilis, N.scutatus, N.ater, H.stephensii, T.carinatus) and
specific venom components (FV subunit of P.textilis PA and Notexin) in envenomed
(human and domestic animal) patient samples was described. Species- specific
antibodies enabled differentiation between tiger snake group venoms in patient serum,
with the snake responsible confirmed in 7 out of 12 cases. Low concentrations of N.sp
venom was detected in both human (0.2 to 8.25ng/ml) and animal (4 to 35.5ng/ml)
patients, moderate levels of Hsv (1.7 to 70ng/ml) and Tcv (16 to 89.5ng/ml) in human
patients and high levels of Ptv in the serum of both sets of patients (Mean in humans:
101.5ng/ml and in animals: 68.4ng/ml). High levels of crude P.sp venom was measured
in the urine of domestic dogs and cats and elevated PtPA levels in their serum. All
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animal patients with detectable PtPA in their serum showed clinical signs of
coagulopathic envenoming. A potential difference in the way dogs and cats respond to
the different procoagulants for instance; those found in brown versus tiger snake
venoms was noted. Cats envenomed by tiger snakes showed no signs of coagulopathy
but severe and prolonged neurotoxic and myotoxic symptoms (n=2). This may be a
result of delayed presentation to MPEC where coagulopathic effects may have been
missed. All 3 cats envenomed by brown snakes showed coagulopathic clinical signs.
This is contrary to previous in vitro studies showing little difference between the two
venoms in canine and feline envenomings. The analysis of a larger population of
envenomed patients is required. This will allow us to clarify specific clinical syndromes
presented by each of these snakes in humans, dogs and cats and make correlations
between time since envenoming and severity, time to recovery as well as assess
antivenom efficacy and dosing in vivo.

There are numerous manufacturers of veterinary antivenoms in Australia but only one
manufacturer producing antivenom treatments for humans, CSL Ltd. Their use is
somewhat controversial with respect to antivenom selection, dosing and dose timing
intervals, as reviewed in detail in Chapter 2. As outlined in Chapter 5, TSAV (CSL) has
been recommended for use in the treatment of other tiger snake group envenomings
such as Tropidechis and Hoplocephalus sp. [14], and there have been reports of high
levels (41%) of allergic reaction to this preparation [104]. Until now, the ability of
TSAV to bind and neutralise the procoagulant effects of these venoms has not been
described. This work has demonstrated that this preparation is effective against the
procoagulant toxins in each of the venom tested (Figure 5.8), supporting the current
treatment recommendations. Results for the efficacy of brown snake AVs suggests that

258

the protection offered by commercial AVs may be dependent on the species it has been
raised against (Figure 5.7 and 5.10). In clotting experiments, each of the AVs tested
(CSL, AVSL, SS, Pfizer) showed different levels of procoagulant inhibition against
each of the brown snake venoms tested (Figure 6.7). Only the Pfizer product showed
neutralisation of the procoagulant effects of Pnv (gwarder) in vitro in human plasma.
Immunoblotting revealed a high degree of variation in how each AV recognises the 4
venoms tested (Figure 5.10). Taking into consideration the standardisation issues
mentioned, this work raises concerns about current preparations, in particular their
ability to adequately bind and neutralise Gwarder (Pn) and Dugite (Pa) venoms. This
suggests that intra- and inter- species venom variability needs to be considered when
selecting venoms with which to raise antivenoms against during manufacture. This
warrants further investigation considering the implications this has on treatment of
patients bitten by these snakes.

An AV preparation raised against purified PtPA was developed and compared to the
commercial BSAV in respect to its ability to neutralise the in vitro procoagulant effects
of the brown snake venoms. This targeted preparation showed a greater inhibitory
capacity (at the same protein concentration) against the procoagulant effects of Ptv, but
was not as efficacious against Pav and Pnv (Figured 5.11 and 5.12). It is possible that by
targeting clinically relevant toxins alone, AVs could be produced with higher
specificity, affinity and lower concentrations of contaminants.

During the recruitment of animal patients for this project by MPEC, post mortem tissue
was collected from two tiger snake envenomed animals, 1 dog and 1 cat and two nonenvenomed animals (1 dog and 1 cat). Tissues collected for analysis included heart,
lung, kidney and skeletal muscle (Gastrocnemius muscle). A thorough histopathological
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post mortem examination of each tissue has been described with various changes
observed (Chapter 6). Moderate changes were observed in the heart such as mild
haemorrhage but significant congestion noted in both patients‟ lungs. Several
pulmonary thromboemboli were observed in the feline patient, which was confirmed
with MSB staining (Figure 6.6). Similarly, various renal changes were observed,
including acute tubular swelling and myoglobinuria, identified by the presence of
proteinacious material in the Bowman‟s space and in the proximal loops of Henle
(Figure 6.8A to C). Also observed were irregular shaped glomeruli with expanded
Bowmans‟s space indicative of increased glomerular permeability. Skeletal muscle has
been widely described in the literature to be a target of snake venom myotoxins. The
patterns of skeletal muscle degradation seen in the feline envenomed patient (Figures
6.11) are consistent with findings described elsewhere. The detection of venom in GM
muscle by IHC (Figures 6.10 and 6.12) is described for the first time.

Antibodies generated for this project were optimised for use in IHC assays on
experimentally envenomed mouse tissue and subsequently used to stain envenomed
canine and feline frozen and paraffin embedded tissue. Results suggest the presence of
venom toxins in each of the tissues examined but findings must be confirmed in further
snake bites cases. Double staining is required with antibodies specific to canine and
feline cellular compartments and structures. This work has described histopathological
changes in tiger snake envenomed heart and lung tissue not previously reported and has
also offered a novel tool for investigating Australian venom toxins in vivo.

This work has generated a panel of antibodies functional against venom toxins in
various biochemical assays, including highly sensitive immunoassays, western blot,
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immunoprecipitation and immunohistochemistry. These have proved useful tools in
differentiating the tiger snake group venoms and quantifying circulating venoms levels
in patients. Moreover, their use in IHC experiments will aid in the specific tissue
localisation of various venoms and their constituent toxins.
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