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In recent years, the field of toxinology has expanded substantially. On the one hand it
studies venomous animals, plants and microorganisms in detail to understand their
mode of action on targets. While on the other, it explores the biochemical compo-
sition, genomics and proteomics of toxins and venoms to understand their interac-
tions with life forms (especially humans), development of antidotes and exploring
their pharmacological potential. Therefore, toxinology has deep linkages with bio-
chemistry, molecular biology, anatomy and pharmacology. In addition, there is a
fast-developing applied subfield, clinical toxinology, which deals with understand-
ing and managing medical effects of toxins on human body. Given the huge impact
of toxin-based deaths globally, and the potential of venom in generation of drugs for
so-far incurable diseases (for example, diabetes, chronic pain), the continued
research and growth of the field is imminent. This has led to the growth of research
in the area and the consequent scholarly output by way of publications in journals
and books. Despite this ever-growing body of literature within biomedical sciences,
there is still no all-inclusive reference work available that collects all of the important
biochemical, biomedical and clinical insights relating to toxinology. Composed of
12 volumes, Toxinology provides comprehensive and authoritative coverage of the
main areas in toxinology, from fundamental concepts to new developments and
applications in the field. Each volume comprises a focused and carefully chosen
collection of contributions from leading names in the subject.
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The term TOXIN is derived from the Greek word Toeikov and is defined as a
substance derived from tissues of a plant, animal, or microorganism that has a
deleterious effect on other living organisms. Studying their detailed structure,
function, and mechanism of action as well as finding an antidote to these toxins is
the field of TOXINOLOGY, and the scientists are called TOXINOLOGISTS.

In recent years, the field of toxinology has expanded substantially. On one hand, it
studies venomous animals, plants, and microorganisms in detail to understand their
habitat, distribution, identification, as well as mode of action on targets, while on the
other, it explores the biochemical composition, genomics, and proteomics of toxins
and venoms to understand their interaction with life forms (especially humans), the
development of antidotes, and their pharmacological potential for drug discovery.
Therefore, toxinology has deep linkages with biochemistry, molecular biology,
anatomy, pharmacology and drug development. In addition, there is a fast develop-
ing applied subfield, clinical toxinology, which deals with understanding and man-
aging medical effects of venoms and toxins on the human body following
envenomations. Given the huge impact of envenomation-based deaths globally,
and the potential of venom and toxin in the generation of drugs for debilitating
diseases (e.g., diabetes, chronic pain, and cancer), the continued research and growth
of the field is imminent.

Springer has taken the bold initiative of producing this series, which is not an easy
task of generating 12 volumes, namely, biological toxins and bioterrorism, clinical
toxinology, scorpion venoms, spider venoms, snake venoms, marine and freshwater
toxins, toxins and drug discovery, venom genomics and proteomics, evolution of
venomous animals and their toxins, plant toxins, and microbial toxins.

Singapore P. Gopalakrishnakone
M.B.B.S., Ph.D., FAM.S., D.Sc.
Editor-in-Chief



I would like to sincerely thank the section editors of this volume Carl-Wilhelm
Vogel, Steven A. Seifert, and Denise V. Tambourgi for the invaluable contribution of
their expertise and time and the authors who obliged with my request and provided a
comprehensive review on the topics.

Springer provided substantial technical and administrative help by many individ-
uals at varying levels, but special mention should go to Sarah Mathews, Sunali Mull,
Meghna Singh, Mokshika Gaur, and Audrey Wong for their tireless effort in bringing
these volumes to reality.

Singapore P. Gopalakrishnakone

M.B.B.S., Ph.D., FAM.S., D.Sc.
Editor-in-Chief
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“...I have now taken some pains to re-consider my subject. . .Neither have I been ashamed,
on some occasions (as the Latins said) caedere vineta mea, to retrench or alter whatever I
have judged to be wrong. Dies diem docet [One day telleth another]. I think truth never
comes so well recommended, as from one who owns his error...” — Richard Mead, Preface
to the Fourth Edition, Corrected, A Mechanical Account of Poisons, in Several Essays.

Toxinology in Australia, Europe, and Americas constitutes a tremendous diversity
in venomous animal types, their venoms, venom effects, envenomation manage-
ment, issues of captive species, native and exotic, and includes the cutting edge in
clinical management, public health systems, as well as antivenom development. As
Volume Editors, our primary job was to locate and recruit the world’s experts in their
respective fields, as they related to this collection. This volume attempts to capture
the diversity of toxinology in these regions, written by the experts — researchers,
clinicians, zookeepers, veterinarians — in their respective fields. These chapters are
based on evidence-based knowledge and practice as well as having rigorous peer
review. Unlike a textbook, or a systematic review, we have chosen selected topics
that are timely and important to advancing the science and practice of toxinology in
these regions. Globalization has significantly modified some species’ natural ranges,
terrestrial and marine, introduced issues of venomous animal collection and man-
agement, created challenges in managing non-native envenomations, expanded to
veterinary medicine, and provided both challenges and opportunities in antivenom
development and other aspects of translation science. Although snakes are still a
major factor in global morbidity and mortality, spiders, scorpions, Hymenoptera,
caterpillars, ticks, aquatic animals, and others are increasingly recognized for their
health impact. We have done our best to cover these tremendous range of toxinologic
subjects.

The opening quotation is from Richard Mead, a London physician of the 1700s
who wrote the first book in the English language devoted entirely to poisons and
envenomations. Although he lived somewhat before the era of the modern scientific
method, he was among the first proponents of evidence-based medical and public
health practice. Aside from being unafraid to own his errors and revise his thinking
based on new information — truly revolutionary ideas and practices for his time — he
was so magnanimous of spirit that at his funeral Dr. Johnson proclaimed that he had



X Volume Preface

lived more in the broad sunshine of life than almost any man. Those are qualities
worthy of aspiration in any era.

In the end, although a work by many collaborators, this series is primarily the
result of the vision of Dr. Ponnampalam Gopalakrishnakone. We thank him for that
vision and for the invitation to co-edit this volume. We would also like to thank our
authors, whose expertise, scientific accuracy, and scintillating writing have made this
volume a joy to read. Our thanks, as well, to Audrey Wong, Sarah Mathews, and the
other staff at Springer for their support and efforts to keep to the volume moving
ultimately toward publication. Any oversights, omissions, or other deficiencies are
our own.

January 2018

University of Hawaii Cancer Center, and Carl-Wilhelm Vogel M.D., Ph.D.
Department of Pathology, John A. Burns

School of Medicine, University of Hawaii

Honolulu, HI, USA

Department of Emergency Medicine Steven A. Seifert M.D.
New Mexico School of Medicine, New

Mexico Poison Center, University of New

Mexico Health Sciences Center

Albuquerque, NM, USA

Laboratory of Immunochemistry Denise V. Tambourgi Ph.D.
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Abstract

Nearly 4,000 snakebites are annually reported in Colombia — 90-95% are
inflicted by pit vipers from Bothrops, Porthidium, Bothriechis, Bothriopsis, and
Bothrocophias genera, specially by B. asper (50-80%); 2% by the bushmaster
Lachesis spp.; 1% by the rattle snake Crotalus durissus cumanensis; 1% by coral
snakes (Micrurus spp.); and the remaining 1-5% by snakes of aglyphous and
opisthoglyphous dentition, mainly from Colubridae family. The Colombian fatal-
ity rate of snakebite envenoming is 1-3%, the highest percentage in the
Orinochian and Amazonian regions, whereas 6% of patients suffer some type
of sequelae, mainly as a result of dermonecrosis and myonecrosis. B. asper is
responsible for 60-90% of deaths secondary to snakebites. In this chapter, the
clinical and epidemiological aspects of bothropic, lachesic, crotalic, and elapidic
envenomations are described, with specific features for the country, as well as the
actual knowledge of venom composition and actions.

Introduction: Epidemiological Background

The incidence of snakebites, regardless of the species involved, varies between
regions in a country depending on factors as diverse as climate, ecological param-
eters, biodiversity, distribution of venomous snakes, human population density,
economic activities, and types of dwellings, among others (Otero-Patifio 2009). In
Latin America, the overall incidence of snakebite envenomings ranges from 5 to
62 cases/100,000 population per year, depending on the country (roughly
corresponding from 130,000 to 150,000 cases in the whole region, with an estimated
number of 2,300 deaths) (Chippaux 2006; Kasturiratne et al. 2008). For Colombia,
the incidence is 6-8.5 cases/100,000 population per year, being higher in the
Orinochian and Amazonian regions (34.5 cases/100,000 population/year) as a result
of the lower population density and abundant ophidian fauna (Grupo Zoonosis-INS
2011; Silva-Haad 1989; Otero-Patifio 2011).

Ten snake families have been described for Colombia, grouped in 70 genera with
248 snake species (49 venomous) and 292 taxons (Perez-Santos and Moreno 1988;
Campbell and Lamar 1989, 2004; Castro et al. 2006; Ayerbe and Lopez 2006).
Ninety to ninety-five percent of the 3,000—4,400 snakebites annually reported in the
country are inflicted by pit vipers (Viperidae, Crotalinae), specially from Bothrops,
Porthidium, Bothriechis, Bothriopsis, and Bothrocophias genera, which inhabit
lowlands and inter-Andean valleys located below 2,500 m.a.s.l. Two percent are
by Lachesis acrochorda and L. muta, pit vipers known as “verrugoso/a” in all the
country, which inhabit in the tropical rain forest; it is also named “pifia” in the
Amazonian region, “epere” in Wounaan, and “burr” in Embera ethnic territories,
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respectively, in the Pacific coast from the Chocd department. One percent of the bites
are inflicted by the rattle snake Crotalus durissus cumanensis (cascabel), a snake
inhabiting desertic, dry, or semidry lowlands in the Caribbean region, in the high
valley of the Magdalena River, in the Orinochian region, and savannahs (Yari River)
of the Caquetd department. The other 1% are inflicted by coral snakes (Micrurus
spp., Elapidae family) (Figs. 1, 2, 3,4, 5, 6, 7, 8, and 9). The remaining cases (1-5%)
are inflicted by snakes of aglyphous (Boidae, Colubridae) or opisthoglyphous
(Colubridae) dentition, considered of great ecological value (Silva-Haad 1989;
Otero-Patifio 2011).

As in Costa Rica, Nicaragua, Honduras, Panama, Venezuela, and Ecuador, a large
number of cases in Colombia are inflicted by Bothrops asper, where it is responsible
for 50-80% of the snakebites, in the Caribbean, Pacific, and Andean regions of the
country (Fig. 1) (Otero et al. 1992a; Otero-Patifio 2009). It is widely distributed in
humid lowland regions of Mexico, Central America, Venezuela, Colombia, and
Ecuador (Campbell and Lamar 1989, 2004; Sasa et al. 2009) and readily adapts to
agricultural settings, thus being in close contact with agricultural workers and human
dwellings. This species is popularly known in Colombia as cuatro-narices, equis,
mapana, rabiseca, boquidora, dama (Embera ethnic group), or tapa (Cuna ethnic
group). In contrast, B. atrox (Fig. 2) inflicts 90% of the snakebites in the Orinochian
and Amazonian regions (Silva-Haad 1989).

The sea snake (Pelamis platurus; Fig. 10) rarely inflicts bites, although two
incidents were described in the Colombian Pacific coast, one of them without enven-
omation (Campbell and Lamar 2004; Otero 2007). It inhabits the waters of the Pacific
Ocean from the south of California (USA) to north of Peru in South America.

Although a number of snakebites (10-20% of the cases) occur inside or around
houses, the majority of these accidents are an occupational hazard occurring in
agricultural fields in rural communities (85-90% of the cases), mostly affecting
agricultural workers (Gutiérrez et al. 2006a, b; Otero et al. 1992a). These accidents
mainly affect young adults (15-45 years old, 54% of cases), predominantly males
(76%); however, a significant number of cases occur in children (30%). Regarding
the anatomical region of the bites, 70% of the cases occur in the lower extremities
(Gutiérrez et al. 2006a, b; Otero et al. 1992a).

As in the case of incidence, the fatality rate also varies between countries and
between regions within a country. Such differences in mortality are due to ethno-
anthropological factors, geographical difficulties for the early transfer of patients to
hospitals, the availability of therapeutic resources and primary care programs in
remote places where bites occur, the snake species causing the accidents, and the
intraspecies variability in venom composition (related to age, size, sex, diet, and
geographical parameters).

For Colombia, the fatality rate of snakebite envenoming is 1-3%, the highest
percentage in the Orinochian and Amazonian regions, whereas 6% of patients suffer
some type of sequelae, mainly as a result of dermonecrosis and myonecrosis.
B. asper is responsible for 60-90% of deaths secondary to snakebites, in Central
America and northern South America, thus having a heavy public health impact in
these regions (Gutiérrez et al. 2006a, b; Otero 2007; Sasa and Vazquez 2003).
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Fig. 1 (a, b) Bothrops asper
(mapana, equis, boquidora,
terciopelo, dama, tapa) from
Antioquia/Chocé, Colombia
(Photos: R. Otero-Patifo (a)
and David Warrell (b)). (c)
Distribution in the rain forest
of the Caribbean, Pacific, and
Andean regions of the country
up to 1,400-1,500 m above
the sea level (m.a.s.l) in
northwestern Colombia
(Reprinted with permission
from Fundamentos de
Pediatria, Tomo V (Fondo
editorial CIB, Medellin),
Otero 2014)

Additionally, the antivenom supply in Colombia has also traditionally been insuffi-
cient, both in terms of quantity and quality (Otero et al. 1992a, b, ¢, 2000a, b, 2001a, b,
2002a, b; Otero 2004).
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Fig. 2 (a) Bothrops atrox
(cuatro-narices, jergon,
jararaca) (Photo: Courtesy Dr
David Warrell). (b)
Distribution in the rain forest
of the Orinochian and
Amazonian regions of the
country up to 1,500 m.a.s.l
(Reprinted with permission
from Fundamentos de
Pediatria, Tomo V (Fondo
editorial CIB, Medellin),
Otero 2014)
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More than 116 years after Calmette developed serotherapy for the treatment of
snakebite envenoming, this resource remains the mainstay in the treatment (Bon
1996; Theakston et al. 2003; Otero-Patifio et al. 1998; Otero 2007). Unfortunately,
antivenoms are often unavailable in remote rural places of developing countries, this
being one of the factors responsible for the delayed treatment of envenomed patients
(Otero et al. 1992c¢; Otero-Patifio et al. 1998; Gutiérrez et al. 2006a, 2013). In many
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Fig. 3 (a, b) Porthidium
lansbergii (patoco, patoquilla,
veinticuatro, tugu) (Photos:
R. Otero-Patifio). (c)
Distribution in the humid and
semidry lands of the
Caribbean region, low
Magdalena River Valley,
northwestern and northeastern
Colombia, up to 1,400 m.
a.s.l. The very close species
P, nasutum; it is distributed in
the Pacific region and
northwestern Colombia
(Reprinted with permission
from Fundamentos de
Pediatria, Tomo V (Fondo
editorial CIB, Medellin),
Otero 2014)

tropical areas of Latin America, at least 40-50% of patients receive traditional
medicine as first treatment (plants, chemical products, physical methods, prayers,
etc.). This and other factors cause a delay in the arrival of those patients to the
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Fig. 4 (a, b) Bothriechis
schlegelii (vibora de tierra
fria, cabeza de candado,
vibora de pestaila, colgadora,
oropel) (Photos: R. Otero-
Patifio). (¢) Distribution in the
humid lands of the Pacific and
Andean regions and
northwestern Colombia, up to
2,600 m.a.s.l (Reprinted with
permission from
Fundamentos de Pediatria,
Tomo V (Fondo editorial CIB,
Medellin), Otero 2014 and
IATREIA 20 (3), Otero 2007)

hospitals; most of them seek medical attention 6 or more hours after the bite, thus
affecting the prognosis of these cases (Otero et al. 1992a, 1996, 1999, 2000a, b;
Otero-Patifio et al. 1998).
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Fig. 5 (a) Lachesis acrochorda/L. muta (verrugoso/a, piia, epere, burrtl) (Photo: R. Otero-Patifio).
(b) Distribution in the rain forest of the Pacific and Andean regions and northwestern Colombia
(L. acrochorda) and in the Orinochian and Amazonian regions (L. muta) (Reprinted with permis-
sion from Fundamentos de Pediatria, Tomo V (Fondo editorial CIB, Medellin), Otero 2014)
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Fig. 6 (a) Crotalus durissus cumanensis (cascabel, rattle snake) (Photo: Courtesy Dr David
Warrell). (b) Distribution in the dry or semidry lands of the Caribbean region, low and high
Magdalena River Valley, in the Orinochian and north of the Amazonian regions (Yari River
Savannahs) of the country, up to 2,000 m.a.s.l (Reprinted with permission from Fundamentos de
Pediatria, Tomo V (Fondo editorial CIB, Medellin), Otero 2014)



12

R. Otero-Patifo

Fig. 7 (a, b) Micrurus
mipartitus (coral rabo de aji,
redtail coral snake), bicolor
group (Photos: Courtesy Dr
David Warrell). (¢)
Distribution in the Caribbean,
Pacific, and Andean regions of
the country, up to 2,200 m.a.s.
1 (Reprinted with permission
from Fundamentos de
Pediatria, Tomo V (Fondo
editorial CIB, Medellin),
Otero 2014)

Death is usually prevented when the patients receive adequate antivenom therapy
within the first 2 h of the bite. On the other hand, almost all cases ending in death or
developing sequelae are associated with a delayed onset of specific treatment more
than 2 h after the bite (RR = 2.5). Medical attention offered beyond this time interval
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Fig. 8 (a) Micrurus dumerilii (coral), monadal group (Photo: R. Otero-Patifo). (b) Distribution in
the Caribbean, Pacific, and Andean regions of the country, up to 1,800 m.a.s.l) (Reprinted with
permission from Fundamentos de Pediatria, Tomo V (Fondo editorial CIB, Medellin), Otero 2014)
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Fig. 9 (a) Micrurus dissoleucus (Coral de la Costa, Caribbean Coast coral snake), of black rings
arranged in triads group (Photo: R. Otero-Patifio). (b) Distribution in the Caribbean region and
northeastern Colombia, up to 1,000 m.a.s.l) (Reprinted with permission from Fundamentos de
Pediatria, Tomo V (Fondo editorial CIB, Medellin), Otero 2014)
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Fig. 10 Pelamis platurus (sea snake). Distribution in the Pacific Ocean from the south of
California (USA) to north of Peru and in the Indian Ocean (Photo: R. Otero-Patifio. Reprinted
with permission from Fundamentos de Pediatria, Tomo V (Fondo editorial CIB, Medellin), Otero
2014)

is a critical factor since acute renal failure (ARF) and hemorrhage in the central
nervous system (CNS) may develop in B. asper bites (P = 0.02), and it is also
associated with an increased risk of developing compartmental syndrome, local
necrosis, and other sequelae (P < 0.001) in patients bitten by adult, specially female,
specimens (more than 1.0-1.1 m body length) (Otero 1994, 2007; Otero-Patifio
2009; Otero et al. 2002a; Sasa et al. 2009). Similarly, patients with coral snakebites
who seek medical attention 2 or more hours after the bite have a higher risk of
peripheral paralysis, respiratory arrest, and death (Otero-Patifio 2011).

Pathogenesis of Local and Systemic Effects of Snake Venoms

Snake venoms from Bothrops, Porthidium, Bothriechis, Bothriopsis, Bothrocophias,
and Lachesis genera, with some intraspecific or intergenera differences, induce
conspicuous local and systemic effects such as the following:

Edema

This is a real autopharmacological phenomenon. Autacoids as histamine are released
and bradykinin is generated; eicosanoids as prostaglandins, leukotrienes, and throm-
boxanes are formed and released secondary to arachidonic acid metabolism. Edema
is also secondary to the activation of lymphocytes or macrophages with the produc-
tion of TNF and cytokines (IL). Additionally, there is a direct damage on micro-
vessels, i.e., capillaries and venules, by the action of hemorrhagic toxins resulting in
extravasation (Gutiérrez et al. 2009a; Otero 2014). B. asper PLA2 myotoxins have a
direct effect on collecting lymphatic vessels inducing the perturbation of smooth
muscle cell membranes and causing edema (Mora et al. 2008).



16 R. Otero-Patifo

Hemorrhage

Viperid snake venoms contain a high proportion of hemorrhagin metalloproteinases
(SVMPs) (11-65% of total protein content), currently classified in three groups
according to their composition and molecular mass (group P-I, MP domain + zinc,
20-30 KDa; group P-II, MP domain + disintegrin domain, 30-60 KDa; and group
P-1II, MP domain + disintegrin-like and cysteine-rich structure, 60—100 KDa). Those
of group P-III are the most potent hemorrhagic toxins (Gutiérrez et al. 2009a;
Markland and Swenson 2013).

Group P-I MPs as those in B. asper venom only induce local hemorrhage,
whereas those of groups P-II and P-III produce local and systemic hemorrhage.
They are also responsible for blistering, myonecrosis, and dermonecrosis, the latter
with the contribution of a fast rise in the local production of TNF and IL-6.
Myonecrosis secondary to hemorrhagins enhances fibrosis as a sequel, with loss of
muscle mass (Otero 2007, 2014; Laing et al. 2003; Gutiérrez et al. 2009a). Other
activities attributed to SVMPs are fibrinolysis/fibrinogenolysis, prothrombin and
factor X activation, apoptosis, platelet aggregation inhibition, proinflammation
(chemotactic), and the inactivation of blood serine proteinase inhibitors. Group
P-IIT SVMPs cause regional pulmonary alveolar damage, similar to acute respiratory
distress of the adult (Gutiérrez et al. 2009b; Escalante et al. 2003). Hemorrhage may
occur in any organ after an i.v. injection of total venom or MPs, but the lungs are the
most affected because their microvessels are the first being in contact with those
toxins (Gutiérrez et al., 2009b; Escalante et al. 2003).

B. asper venom from neonate specimens contains a higher proportion of group
P-IIT MPs, whereas adult specimen venom contains a higher quantity of group P-I
MPs, thus explaining the higher hemorrhagic activity of the former (Gutiérrez et al.
2009a, b; Fox and Serrano 2005; Alape-Giron et al. 2008). MPs enhance the
development of secondary infection, impairing the local damage (Otero et al.
1992a, 2002a; Otero-Patifio 2009; Saravia-Otten et al. 2007).

Myonecrosis

This is a frequent manifestation of envenomings caused by snakes of Viperidae,
Elapidae, and Hydrophiidae families and by Africanized bees (massive attack)
(Gutiérrez and Ownby 2003; Harris 2003). In the first group, the hemorrhagins
(MPs) are present in the Bothrops, Agkistrodon, Porthidium, Bothriechis, Lachesis,
and other pit viper venoms, which induce hemorrhage, ischemia, and necrosis of
muscle cells, with consequent fibrosis and denervation as a repairing process (Otero
2007; Gutiérrez and Lomonte 2003; Gutiérrez et al. 2009a). In the second group, the
myotoxic PLA, is isolated from Viperidae, Elapidae, and Hydrophiidae family
venoms (Gutiérrez and Ownby 2003; Harris 2003; Melo and Ownby 1999). These
toxins are pore formers at the plasma membrane (PM) of skeletal muscle cells,
causing its depolarization and degradation. They are classified into three groups: to
class I belong those myotoxic PLA,s from terrestrial elapids and the sea snake; to
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class II belong those from viperids; and to class III belong those from bees and
venomous lizards. The consequent high influx of calcium and macromolecules to the
cytosol activates the enzymes that are calcium dependent and causes mitochondrial
damage. The focal and morphological alteration in the periphery of muscle cells
(myofibril) can be rapidly detected (15-30 min) as a delta lesion secondary to
membrane damage (Otero 2007; Gutiérrez and Lomonte 2003; Gutiérrez et al.
2009a; Gutiérrez and Ownby 2003).

There are two subfamilies of class II myotoxic PLA, which locally exert its
action: the enzymatically active Asp49 (D49) that binds to calcium and the Lis49
(K49) that loses the ability of binding to calcium, with low or undetectable enzy-
matic activity (Gutiérrez and Lomonte 2003; Gutiérrez et al. 2009a; Gutiérrez and
Ownby 2003; Harris 2003; Melo and Ownby 1999). Those PLA,s constitute
15-35% of the protein content of B. asper venom (Gutiérrez et al. 2009a).

Additionally, the myotoxic PLA,s are divided into neurotoxic and
non-neurotoxic. Those that are neurotoxic are myotoxins that act systemically, i.e.,
crotoxin (PLA, class Il from Crotalus durissus terrificus) and from elapids (class I).
All of them and that from bee venom (PLA; class III) induce systemic myotoxicity
(rhabdomyolysis). They are also nephrotoxic and lethal. In comparison with
MP-induced myonecrosis, the regeneration of the affected muscles by myotoxic
PLA, is total within a total of 15 days, without sequelac (Otero 2007, 2014;
Gutiérrez and Ownby 2003; Harris 2003).

In vitro, it has also been demonstrated that myotoxic PLA,s have potent bacte-
ricidal activity against some gram-negative bacillus and Staphylococcus aureus,
viperid venoms also contain low molecular weight peptides with antifungal activity.
The effect of Bothrops venom myotoxic PLA, may also affect myocardial muscle
cells, i.e., B. asper, inducing focal necrosis (Otero 2007; Gutiérrez et al. 2009b).

The following systemic effects of venoms are also intense or life-threatening:

Hypotension

This is one of the frequent and transitory signs (10—15%) of systemic envenoming in
Bothrops and Lachesis spp. bites (Otero et al. 1992a; Otero-Patifio et al. 1993; Silva-
Haad 1980/1981). The first mechanism involved is the presence of proteases as
kallikreins in the venom which act on plasma kininogen obtaining bradykinin, a
potent vasodilator. The second mechanism is that those venoms contain peptides
(angiotensin-converting enzyme inhibitors (ACEi)) of low molecular weight, which
additionally induce bradykinin-potentiating peptides (BPPs) by inhibiting its degra-
dation (Ferreira 1965; Soares et al. 2005; McCleary and Kini 2013). The third
mechanism is the presence of natriuretic peptides in the venom, natural inducers of
diuresis and vascular relaxation (Soares et al. 2005). The fourth mechanism is that
hypotension may be secondary to hypovolemia as a result of hemorrhage or loss of
plasma to interstitial tissue by intense edema or by the lowering of plasma oncotic
pressure. The fifth mechanism is the cardiotoxic effect of venom with hypokinesis of
the left ventricle (Otero 2007, 2014; Gutiérrez et al. 2009b).
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Hemostatic Disorders

Pit viper bites affect the three components of hemostasis (coagulation factors,
platelets, and the blood vessel walls). Bothrops, Crotalus, and Lachesis snake
venoms induce in vitro plasma coagulation by the activation of fibrinogen (I),
prothrombin (II), or factor X and platelets in some cases. Basparin A is a group
P-IIT metalloproteinase (SVMP) from B. asper venom, with action on prothrombin
and forming meizothrombin. SVMPs are the most important B. asper venom
components being in vitro coagulant and in vivo defibrinant, whereas serine pro-
teases as asperase (thrombin-like) have a minor role probably by the low content of
the latter in the venom (Gutiérrez et al. 2009b). Thrombin-like enzymes, after the
activation of fibrinogen (a dimer), release only fibrinopeptide A or rapidly release
fibrinopeptide A and slowly fibrinopeptide B from the fibrinogen molecule. The final
result is the production of a friable and defective fibrin, the fibrinogen consumption
named defibrination/defibrinogenation syndrome and the fibrinolysis activation
(Otero 2007; Sano-Martins and Santoro 2003; Gutiérrez et al. 2009b; Reid et al.
1963a, b). Prothrombin or factor X activators generate thrombin, which hydrolyzes
fibrinogen to fibrin; the final event may be disseminated intravascular coagulation
(DIC) with additional fibrinogen consumption (Otero 2007; White 2005).

Experimentally, the i.v. injection of total venom of B. asper or B. atrox, or of their
procoagulant components, at high doses causes animal death (mice, rabbits) as a
consequence of DIC or pulmonary thromboembolism (Gutiérrez et al. 2009b; Silva-
Haad 1989). Conversely, sublethal doses of these enzymes (asperase, a thrombin-
like serine proteinase, or basparin A, a P-III SVMP that activates prothrombin) cause
defibrination/defibrinogenation with drops of plasma fibrinogen concentration and
increments in D-dimer and fibrinogen degradation products (FDPs) (Gutiérrez et al.
2009b). No factor X activator has been isolated in the B. asper venom.
B. lanceolatus from Martinica and B. caribbaeus venom from Santa Lucia Island
frequently cause thrombosis in limb veins or thromboembolism in the pulmonary or
cerebral arteries of their bitten victims, with hemiplegia as a sequel (White 2005;
Thomas et al. 1995, 2006). In Bothrops bites, inflicted at the dorsal part of the hands
or feet, mainly by B. asper, the i.v. injection of venom or its rapid diffusion to veins
may occur, with little local signs and fast induction of pulmonary thromboembolism
(15 min), unconsciousness, and convulsions secondary to anoxia. This dramatic
clinical picture may finish in death (Otero 2014).

There are venom fraction activators of platelet aggregation, i.e., thrombocytin in
B. atrox, convulxin in C. d. terrificus, and thrombolectines in B. atrox and L. muta
venoms. Aspercetin (lectin type C) in B. asper venom is an inductor of platelet
aggregation dependent on the von Willebrand factor, with the production of clinical
and experimental thrombocytopenia (Gutiérrez et al. 2009b; Rucavado et al. 2001).
Conversely, disintegrins coupled to P-III MPs from B. asper venom inhibit platelet
aggregation induced by collagen. Inhibition of platelet aggregation can also be
observed as a result of fibrinogen consumption.

Bothrops and Lachesis snake venoms activate fibrinolysis, mainly by MPs (hemo-
rrhagins) or by means of plasminogen activators. Additionally, fibrin microthrombi
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formation stimulates the endogenous fibrinolytic system (Sano-Martins and Santoro
2003; Gutiérrez et al. 2009b). Nevertheless, coagulopathy is a rare sign in Porthidium
nasutum/P. lansbergii bites because it is recognized as a non-coagulant venom, but it is
a high inducer of local and systemic hemorrhage (Otero et al. 1992b; Lomonte et al.
2012). Recently, it was demonstrated that P. nasufum venom from neonate specimens
has coagulant and defibrinating activities, with variations according to dose (Rey and
Otero 2009). Additionally, B. schlegelii venom induces mild or moderate local and
systemic effects, experimentally as well as in patients bitten by this species (Otero et al.
1992b; Otero 2014).

Anemia

This is a systemic sign which occurs in 50% of patients with Bothrops bites in
Colombia. It may be the result of local and/or systemic hemorrhage or because of the
presence of microangiopathic hemolytic anemia: or by transitory medullar cessation
of erythrocyte production secondary to infection. Indirect hemolysis, which depends
on additional lecithin, is an effect that all the snake venoms from northwestern
Colombia have in vitro, with higher activity in M. mipartitus venom (Otero et al.
1992a, b; Otero 2007; Gutiérrez et al. 2009b).

Nephrotoxicity

This is a frequent systemic manifestation or complication which occurs in 10-17%
of patients with pit viper envenomings in Colombia, specially in those inflicted by
Bothrops spp. (B. asper and B. atrox, including neonate/juvenile specimens),
Porthidium spp., Lachesis spp., and Crotalus d. cumanensis (Otero et al. 2002a;
Otero-Patifio 2009). Acute renal failure (ARF) can be prerenal secondary to
hypovolemia or shock or renal by acute tubular necrosis (ATN) as a consequence
of prolonged hypovolemia, or by nephrotoxins affecting epithelial cells of proxi-
mal tubules, or by vasospasm related to the activation of the renin-angiotensin
system. The most severe form of ARF is acute cortical necrosis (ACN), mainly by
ischemia as a result of DIC because 90% of nephrons are located in the renal cortex
(Otero 1994, 2007; Otero and Mesa 2001; Gutiérrez et al. 2009b; Otero-Patifio
2009).

Crotoxin is the main nephrotoxic component in the venom of C. d. cumanensis or
C. d. terrificus, causing ATN with or without myoglobinuria secondary to rhabdo-
myolysis (Amaral et al. 1986; Pinho et al. 2005; De Azevedo-Marques et al. 2003;
Martins et al. 2002). Some myotoxins in Bothrops venoms also cause increment in
the synthesis of prostaglandins (PGEs) by means of cyclooxygenase (COX)
enzymes 1 and 2. The PGEs are important mediators of vascular tonus and of
water and salt balance in the kidney. Additionally, those myotoxic PLA,s are COX
activators through endothelin (ET), an endogenous vasoconstrictor peptide whose
target is also the kidney (Otero 2007).



20 R. Otero-Patifo

Neurotoxicity

In South America, the snake species from Micrurus (coral snakes), Crotalus (rattle
snakes), and Pelamis (sea snake) genera have potent neurotoxins. Those toxins act
either at presynapse (-neurotoxins) or at postsynapse (a-neurotoxins). To the first
group belong crotoxin from C. d. cumanensis and other neurotoxic PLA,s present in
some Micrurus spp. venoms, with combined action (pre- and postsynaptic) such as
those of M. corallinus from Brazil, M. nigrocinctus from Costa Rica, and
M. dumerilii and M. mipartitus from Colombia. They inhibit acetylcholine release
by interfering with Ca™" metabolism (Brazil 1987; Da Silva Jr and Bucaretchi 2003;
Rey-Suarez et al. 2011).

On the other hand, the main mechanism of action for neurotoxins presented by
Micrurus spp. and Pelamis platurus venoms is the postsynaptic blockade by com-
petitive inhibition of acetylcholine (a-neurotoxins). This group of toxins belongs to
the three-finger toxin superfamily (3FTx) (Otero 2007, 2014; Rey-Suarez et al. 2012;
Da Silva and Bucaretchi 2003; Brazil 1987; Mori et al. 1989). The venom of
M. dissoleucus from Colombia also has postsynaptic action combined with myotoxic
effect (Renjifo et al. 2012), the latter being similar to that previously described for
M. mipartitus venom from Colombia (Otero et al. 1992b).

The myotoxicity and neurotoxicity of total venom and of a D49 PLA, isolated
from L. muta venom were searched; in addition to the myotoxic effect, at low doses
in avian muscle-nerve preparations, PLA, had presynaptic blocking actions in
similar form to those of B-neurotoxins as crotoxin from C. d. terrificus venom. At
high doses in the same preparations, it had postsynaptic actions similarly to
a-neurotoxins as those from coral snakes. In L. muta human bites, neurotoxicity is
exceptional (divergent strabismus, dysarthria, dysphagia). Other vagal signs
observed in clinical studies (generalized sweating, hypotension, bradycardia, diar-
rhea) can be induced by vasodilatation secondary to the release of autacoids,
prostanoids, and bradykinins (Otero 1994, 2007, 2014; Silva-Haad 1980/81;
Otero-Patifio 2011).

C. d. cumanensis venom induces mild or moderate local effects, without
dermonecrosis. In contrast, systemic signs are intense: neurotoxicity, nephrotoxicity,
defibrination, thrombocytopenia, myotoxicity (rhabdomyolysis), and myoglobinuria
(Otero 1994, 2007, 2014; Amaral et al. 1986; Pinho et al. 2005; De Azevedo-
Marques et al. 2003). It is the most lethal snake venom among terrestrial Colombian
snakes (Otero et al. 1992b).

Pelamis platurus, as other sea snakes, may bite and leave fang marks, failing to
inject enough venom to cause any significant effects in human victims. So the
incidence of dry bites (non-envenoming or only trivial envenoming) is high (80%)
(Reid 1975). Its bite is usually painless, without local swelling, although its venom is
myotoxic (rthabdomyolytic), causing muscle pains; besides, it is nephrotoxic and
postsynaptically neurotoxic (Tu and Fulde 1987; Mori et al. 1989; Otero 2007).

Micrurus spp. (coral snake) venoms are essentially neurotoxic, although exper-
imentally in mice and also in patients, they are myotoxic, slightly hemorrhagic, and
edema inducing, with high PLA, activity expressed as indirect hemolysis (Otero
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et al. 1992b; Otero 2007; Da Silva and Bucaretchi 2003; Gutiérrez et al. 1980a;
Kitchens and Van Mierop 1987; Pettigrew and Glass 1985). Recently, there were two
cases of bites by Micrurus spp. from the Amazonian region (the first inflicted by
M. lemniscatus in Ecuador; the second was probably inflicted by the same snake
species in Putumayo, Colombia), presenting in both cases mild coagulopathy with-
out bleeding (PT and PTT moderately prolonged), severe thrombocytopenia, hemo-
lytic microangiopathic anemia, and rise of serum CK concentrations secondary
possibly to rhabdomyolysis (Otero 2007, 2014; Otero-Patifio 2007; Manock et al.
2008).

Clinical Features and Diagnosis
Bothrops Bites

The clinical characteristics of local bothropic envenomation include edema (95% of
the cases), the classical sign of local envenoming, detectable as early as 5 min after
the bite; local hemorrhage (34%), evident as bleeding or ecchymosis during the first
5-30 min; blisters (12%); and dermonecrosis and myonecrosis (10%), apparent only
6 or 8 h after the bite. Defibrinogenation (60—70%) is the classic sign of systemic
envenoming, which usually occurs within 30—60 min and in rare cases may be
delayed up to 6 h. Thrombocytopenia (15-30% of cases) and hypotension
(10—14%) are also observed, as well as systemic bleeding (mainly gingival bleeding
and hematuria (25-30%) or through recent wounds). As described for bites induced
by various Bothrops species, other systemic hemorrhagic manifestations include
vaginal, rectal, venipuncture site, or CNS bleeding, epistaxis and hemoptysis
(Franca and Malaque 2003; Gutiérrez and Lomonte 2003; Otero 1994, 2007,
Otero et al. 1992a, 2002a; Otero-Patifio 2008, 2009, 2011).

The local envenoming grade is defined by the progression and extension of
edema and the presence of necrosis. The alteration of blood coagulation, bleeding,
and the presence of life-threatening complications, such as shock, ARF, and damage
of vital organs, define the systemic envenoming grade (Table 1; Figs. 11, 12, and 13)
(Otero 2007, 2014; Otero-Patifio 2008, 2009). In B. asper bites, 15% of patients
present severe systemic envenoming and 10% severe local envenoming (necrosis,
edema extending to the trunk). On the other hand, 40% of cases have mild and 45%
have moderate local envenoming, together with systemic envenoming in 23% and
25% of them, respectively. Additionally, 36% of all patients with Bothrops bites only
present local envenoming, without systemic manifestations (Otero et al. 1992a;
Otero 1994, 2007, 2014; Otero-Patiio 2009). On the basis of previous studies
performed in Colombia in B. asper bites, only patients with severe envenoming
are at risk of death and sequelae (Otero et al. 1992a, 1996, 1999, 2006; Otero 2014;
Otero-Patifio et al. 1998, 2007; Otero-Patifio 2009). Nevertheless, the clinical
grading herein described has a temporal validity on admission because the
envenoming is a dynamic process which progresses in 10—15% of the cases after
the beginning of antivenom therapy (Otero 2014; Otero-Patifio 2009).
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Table 1 Clinical gradation and specific treatment of envenoming inflicted by Bothrops,
Porthidium, Bothriopsis, Bothriechis, and Bothrocophias spp. bites

Neutralization
of venom (mg) —
Grade of vials of
envenoming | Local signs Systemic signs antivenom (n)
Non- Mild pain, negligible edema, Normal vital signs and No antivenom
envenoming | and hemorrhage blood coagulation needed
Observation 6 h
Repeat
coagulation test
Mild Swelling involving one or two | Incoagulable or normal No less than
envenoming | segments of the bitten limb blood, no systemic 100 mg, 2 vials
(e.g., foot and leg), bleeding, no hemodynamic | of A or 4 of B
circumference of extremity alterations
increased <4 cm, ecchymosis;
scarce or no bleeding in the
bite site, no necrosis
Moderate Swelling involving two or Incoagulable blood, No less than
envenoming | three segments of the bitten systemic bleeding 200 mg, 4 vials
limb (e.g., foot, leg, thigh), (gingival, hematuria, of Aor8of B
circumference of extremity recent wounds, etc.) no
increased >4 cm; local renal failure, no
bleeding, no local necrosis, hemodynamic affection
blisters in a few cases
Severe Swelling extending beyond Incoagulable blood, No less than
envenoming | the bitten limb (to trunk), multiple systemic 300 mg, 6 vials

blisters, local bleeding,
necrosis or compartmental

bleeding, hypotension or
shock, DIC or renal failure,

of Aor 12 of B

syndrome. See text for cases
of bites by specimens
>1.0-1.10 m body length

Adapted from Amaral et al. (1991), Franga and Malaque (2003), Silva (1989), Wingert and
Wainschel (1975), and Reid et al. (1963a, b)and as recommended by Otero (1994, 2007, 2014)
and Otero-Patifio (2009, 2011)

A = polyvalent antivenom from INS, Bogota, Colombia; B = polyvalent antivenoms from Probiol,
Bogota, or from Instituto Bioclon, Mexico

cerebral hemorrhage, or
multisystemic failure

The ontogenetic variations in venom composition have implications in the clin-
ical manifestations of these envenomings. As the venom of adult specimens has a
higher content of myotoxic PLA, and P-I MPs, snakebites by B. asper specimens
larger than 100-110 cm body length (adult specimens) involve a higher risk of
severe envenoming with dermonecrosis and myonecrosis (Alape-Girén et al. 2008;
Gutiérrez et al. 2009a; Otero-Patifio 2009; Sasa et al. 2009; Otero 2014). Similar
observations were made by Hardy (1994). In contrast, the venoms of juvenile
specimens and offsprings induce higher lethal, hemorrhagic, and defibrinogenating
activities at the experimental level (Gutiérrez et al. 1980b; Saldarriaga et al. 2003) in
agreement with their higher content of P-II and P-III group metalloproteinases
(Alape-Giron et al. 2008; Gutiérrez et al. 2009a, b). Thus, bites inflicted by juvenile
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Fig. 11 Mild local bothropic
envenomation after B. asper
bite, combined with moderate
systemic envenomation
(defibrination, gingival
bleeding, microscopic
hematuria). See the marks of
the fangs and teeth (two bites),
edema in the leg, and local
ecchymosis (Photo: R. Otero-
Patifio. Reprinted with
permission from
Fundamentos de Pediatria,
Tomo V (Fondo editorial CIB,
Medellin), Otero 2014)

Fig. 12 Moderate local and systemic bothropic envenomation after B. asper bite. See edema in tree
segments of the bitten limb, with a few blisters on the right foot, without necrosis. Additionally, the
patient had macroscopic hematuria and defibrination (Photo: R. Otero-Patifio. Reprinted with
permission from Fundamentos de Pediatria, Tomo V (Fondo editorial CIB, Medellin), Otero 2014)

specimens tend to induce more frequently severe coagulopathy and bleeding in
patients, with relatively low serum venom-antigen concentrations as demonstrated
by ELISA. Additionally, there have been documented cases of ARF secondary to
acute tubular necrosis (ATN) in Colombia in bites inflicted by juvenile (<50 cm)
B. asper specimens, both in children and adults (Otero et al. 2006; Otero-Patifio
2009).

Mean venom yield of B. asper in Colombia corresponds, in terms of dry weight,
to 130 mg, with a maximum of 1,000 mg by manual milking of a 175 cm female
adult specimen (Otero-Patifio 2009). On the other hand, as has been described for
B. atrox and B. jararaca from Brazil, females of B. asper are larger and heavier than
males and present a higher venom yield (five times higher in the case of B. jararaca)
(Belluomini et al. 1991; Furtado et al. 2006).

According to the complexity level and the available resources of health centers,
clinicians must rely on laboratory examinations, such as blood coagulation tests
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Fig. 13 Severe local and
systemic bothropic
envenomation after B. asper
bite. See edema in three
segments of the bitten limb,
extended to trunk,
hemorrhagic blisters, local
necrosis, hematuria,
defibrination and ARF (Photo:
R. Otero-Patifio. Reprinted
with permission from
Fundamentos de Pediatria,
Tomo V (Fondo editorial CIB,
Medellin), Otero 2014)

[whole blood clotting test (WBCT) or the 20-min WBCT], prothrombin time (PT),
partial thromboplastin time (PTT), fibrinogen concentration, D-dimer concentration,
and fibrinogen/fibrin degradation product (FDP) concentration on admission and at
6, 12,24, 48, 72, and 96 h after the onset of antivenom therapy (Otero et al. 1992a;
Otero-Patifio 2009; Sano-Martins et al. 1994; Warrell 2004). Nevertheless, owing to
its low cost, simplicity, and good correlation with plasma fibrinogen concentration,
the 20-min WBCT is an effective and reliable method for the evaluation of coagu-
lation status in the primary care centers without laboratory resources (Franca and
Malaque 2003; Otero 2007, 2014; Otero-Patifio 2009). In addition, platelet and
leukocyte counts are indicated, since 15-30% of envenomed patients present throm-
bocytopenia and since leukocytosis and neutrophilia (60-75% of patients) are
common findings (Otero et al. 1992a). Determination of hemoglobin concentration
and hematocrit is also indicated, together with the assessment of acute-phase reac-
tants (C-reactive protein, erythrocyte sedimentation rate), plasma creatine kinase
activity (a myonecrosis indicator which remains elevated for several days, mainly in
severe cases), serum electrolyte concentration, urinary sediment and serum creati-
nine concentration (an indicator of renal function) at 24-h intervals at least during
2—4 days. Moreover, monitoring of arterial oxygen saturation (pulse oximetry) is
recommended in severe cases instead of arterial blood sampling for pH and arterial
gases (Otero-Patifio 2009) due to the risk of hematomas.

Alteration in coagulation tests occurs in moderate and severe envenomings, but
not in all mild cases, since only one-half of them develop a concomitant systemic
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envenoming. Acute-phase reactants usually rise within the first 48 h of treatment; if
the elevation persists on the third day, clinicians must correlate this alteration with
leukocyte counts (persistent leukocytosis and neutrophilia) and platelet count (per-
sistent thrombocytopenia) to rule out infection as a likely complication (Otero 1994,
2007; Otero-Patifio 2009; Otero and Mesa 2006). Macro- or microhematuria may
occur in moderate and severe cases, whereas the finding of erythrocyte casts in
urinary sediment examination is an indicator of acute glomerulonephritis, a typical
complication of severe envenoming. The fractional excretion of urinary sodium
(FeNa), a good indicator of the proximal renal tubule function, can help to discrim-
inate between prerenal (hypovolemia) or renal failure secondary to ATN, which
induces the loss of the ability of the proximal tubule to reabsorb sodium, with the
consequent natriuresis. Additionally, an endogenous creatinine clearance of <60
ml/min/1.73 m? indicates ARF (Otero 2007; Otero-Patifio 2009; Pinho et al. 2005).

The use of immunoassays (ELISAs), for the determination of serum venom-
antigen and antivenom concentrations in patients bitten by Bothrops snake species,
currently only have value for retrospective studies, as they have not been adapted at
the hospital setting to estimate venom-antigen concentration in blood at the time of
admission. ELISA has been successfully used in various studies to quantify venom-
antigen and antivenom concentrations in clinical samples. Such studies have dem-
onstrated that serum venom-antigen concentrations are higher in patients with severe
envenoming (~128-192 ng venom/ml) than in patients with moderate (~39-142 ng
venom/ml) or mild envenomings (~8—15 ng venom/ml) (Otero-Patifio 2009; Franca
et al. 2003).

Lachesis spp. Bites

Clinical features are similar to those of Bothrops bites: edema (100%), local hem-
orrhage (80%), blisters (40%), dermonecrosis and myonecrosis (60%), defibrination
(100%), mild thrombocytopenia (20%), epistaxis (20%), nausea/vomiting/sweating
(60—80%), hypotension (20%), hematuria (40%), and rise of serum creatinine. Vagal
excitement signs as severe hypotension, bradycardia, abdominal pain, and diarrhea
have also been observed (Silva-Haad 1980/81; Jorge et al. 1997; Otero-Patifio et al.
1993; Malaque and Franga 2003; De Souza et al. 2007). Some of the complications
are ARF (60%), mesenteric thrombosis (5%), central nervous system (CNS) hem-
orrhage (10%), and compartment syndrome.

The lachesic envenoming grade is established in a similar way as the bothropic
envenoming (Table 1). As more than 60% of the cases are severe, all the patients
must be treated with the maximal antivenom dose recommended for those cases
(to neutralize not less than 300 mg of venom), using a polyvalent antivenom
containing adequate specific antibody titers against Lachesis spp. venom (Table 2).
Defibrination induced by that venom is not efficiently neutralized by one anti-
bothropic antivenom, with the consequent prolonged hypofibrinogenemia for up to
10-14 days (Otero 2002; Bard et al. 1994; Escalante et al. 2000). Deaths occur in
10% of patients.
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Table 2 Neutralizing potency of anti-pit viper polyvalent antivenoms produced or registered or
used in clinical trials in Colombia

Neutralizing potency

mg venom/10 ml antivenom
Antivenom Bothrops | Crotalus | Lachesis | Presentation
Polyvalent INS 70 10 25 Liquid
Polyvalent PROBIOL 25 5 10 Lyophilized
Polyvalent Antivipmyn-Tri®, BIOCLON | 30 7 15 Lyophilized
Polyvalent ICP* 30 20% 30 Liquid

Potency registered at INVIMA, Colombia (Instituto Nacional de Vigilancia de Medicamentos y
Alimentos) for the period 2012-2013

INS Instituto Nacional de Salud, Bogota; PROBIOL Laboratorios Probiol, Bogota; BIOCLON
Instituto Bioclon S.A. de C.V., Mexico; ICP Instituto Clodomiro Picado, Universidad de Costa
Rica, San José, Costa Rica

“Polyvalent antivenom from ICP neutralizes C. simus venom from Central America. It does not
have neutralizing potency against South American crotalic venom (C. d. terrificus or C. d.
cumanensis) (Otero-Patifio 2011; Otero 2014)

Fig. 14 Palpebral ptosis, 8 h
after M. mipartitus bite. The
patient, 12 years old,
additionally presented
cephaloplegia, dysphagia, and
mild quadriparesis, without
affection of respiratory
muscles (Photo: Courtesy Dr
Rafael Agudelo. Reprinted
with permission from
Fundamentos de Pediatria,
Tomo V (Fondo editorial CIB,
Medellin), Otero 2014)

Micrurus (Coral Snake) Bites

This group of venomous snakes has short (2—-3 mm) front fangs (proteroglyphous).
As a consequence, in human bites, the snake bites for several seconds to inject the
venom and the victim has to pull it or to shake off the extremity to detach the snake.
Neurotoxicity of early initiation (within the first 2—14 h after the bite) is the main
characteristic of this envenomation. This latency period is lower (2 h) in infants and
children than for adolescents and adults (4—14 h) (Otero 1994, 2007, 2014; Otero-
Patifio 2011; Da Silva and Bucaretchi 2003).

Local signs are negligible: minimum edema around the bite site and paresthesia.
The first systemic envenoming sign is palpebral ptosis (Fig. 14), followed by
ophthalmoplegia, blurred vision, dysphagia, sialorrhea, cephaloplegia, and paresis
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Table 3 Clinical and epidemiological aspects of coral snakebites in Colombia (n = 24)

Age (years old) No. %
<15 8 333
>15 16 66.7
Mean + S.D. 213+ 155 -
Coral snake species

M. mipartitus 9 37.5
M. dumerilii 10 41.6
M. nigrocinctus 2 8.3
M. dissoleucus 1 4.2
M. isozonus 1 4.2
Unknown 1 4.2
Time elapsed after bite (hr)

<2 8 333
3-5 8 333
6-12 8 333
Mean + S.D. 53+£33 -
Envenoming signs

Negligible edema 18 75.0
Palpebral ptosis/ophthalmoplegia 16 66.7
Sialorrhea/dysphagia 16 66.7
Paresis respiratory muscles 15 62.5
Mild quadriparesis 10 41.7
Quadriplegia 6 25.0
Other signs® 1 4.2
None paralytic sign® 6 25.0
Respiratory support 13 54.2
Deaths 4 16.7

Other signs: one patient presented coagulopathy (PT and PTT increased) and thrombocytopenia,
without bleeding, with elevated serum CK and hemolytic anemia

bSix patients bitten by different coral snakes (M. mipartitus, two cases; M. dumerilii, two cases;
M. isozonus, one case; and M. dissoleucus, one case) sought medical attention within 2 h of the bite;
all of them received antivenom and did not have signs of envenoming (neurotoxicity) (Otero-Patifio
2011)

of respiratory muscles and of the four extremities which may precede apnea and
death (Otero-Patifio 2011). Nevertheless, there is polymorphism in the clinical
presentation (Table 3). Fifty to sixty-five percent of patients present respiratory
muscle affection with or without apnea and hypoxemia (Fig. 15). Consequently,
respiratory support and strict monitoring in the intensive care unit (ICU) constitute
an essential part of the treatment, mainly when there is absence of antivenom or
when it was administered too late (Otero-Patifio 2011). Atelectasis is a frequent
complication (Fig. 16). Thus, almost 50% of patients do not present paralysis signs,
or they are mild, either by an early specific treatment or by a dry bite (without venom
injection).
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Fig. 15 Respiratory support in a patient (15 months of age), bitten on the hand by a M. mipartitus
specimen 25 cm body length, in a rural setting. The patient presented apnea and quadriplegia 2 h
after the bite. The paralysis continued for 3 days, despite the specific serotherapy administered after
the paralysis appearance (see text) (Photo: R. Otero-Patifo. Reprinted with permission from
Fundamentos de Pediatria, Tomo V (Fondo editorial CIB, Medellin), Otero 2014)

Fig. 16 The same patient
suffered atelectasis of the
upper right pulmonary lobe
and bronchoaspiration
(pneumonia at the left lung),
before the beginning of
mechanical respiration
(Photo: R. Otero-Patifio.
Reprinted with permission
from Fundamentos de
Pediatria, Tomo V (Fondo
editorial CIB, Medellin),
Otero 2014)

Experimentally, Micrurus spp. venoms are of low ability to induce edema,
hemorrhage, and proteolysis, but they are indirectly hemolytic and some of them
are myotoxic (Otero et al. 1992b; Gutiérrez et al. 1980a; Rey-Sudrez et al. 2012).
The latter effect was then documented in human bites inflicted by M. fulvius in the
USA and M. laticollaris from Mexico (Kitchens and Van Mierop 1987; Pettigrew
and Glass 1985) and by coral snakes from the Amazonian region in Colombia
(Otero-Patino 2007, 2011; Otero 2007), as it was also described for
M. lemniscatus in Peru (Manock et al. 2008). Mortality in Colombia is near 20%,
mainly secondary to respiratory insufficiency or complications as atelectasis and
pneumonia (Otero 1994, 2007; Da Silva Jr and Bucaretchi 2003; Otero-Patifio
2011).
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Fig. 17 Moderate crotalic envenomation induced by C. d. terrificus. (a) See the palpebral ptosis.
(b) Myoglobinuria without ARF (Photos: Courtesy Dr Joao Luiz C. Cardoso. Reprinted with
permission from Fundamentos de Pediatria, Tomo V (Fondo editorial CIB, Medellin), Otero 2014)

Crotalus d. cumanensis (Rattle Snake) Bites

Crotalic venom from South America is nephrotoxic, neurotoxic, myotoxic
(rhabdomyolytic), defibrinant, platelet aggregating, of low capacity to induce hem-
orrhage and edema, and without dermonecrosis. In moderate envenomation, edema
may affect two or three segments of the extremity, with defibrination, thrombocyto-
penia, myasthenic facies secondary to neurotoxicity, and dark urine by
myoglobinuria, without ARF (Fig. 17). In severe cases, ARF occurs in 20-30% of
patients, with or without respiratory insufficiency. ARF is the first cause of death
(10% of the cases), mainly in patients less than 12 years old or in those receiving
specific treatment after 2 h of the bite (Pinho et al. 2005; Otero-Patifio 2011; Otero
2014).

Complications of Bothropic Envenoming

The most frequent complications described in patients envenomed by B. asper are:

(a) Soft-tissue infection (11-30% of the cases), characterized by impetigo/cellulitis/
abscesses/fasciitis, predominantly cellulitis and abscesses caused by gram-
negative rods (Morganella morganii, Proteus rettgeri, Klebsiella spp.,
Enterobacter spp., Aeromonas hydrophila) or Staphylococcus aureus (Fig. 18).
Infection occurs most frequently in moderate/severe local envenomings when
extensive edema, hemorrhage, myotoxicity, and necrosis occur, which may
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Fig. 18 (a) Impetigo and cellulitis after B. asper bite. (b) Cellulitis and abscess secondary to
Marganella morgagni, after P. nasutum bite (Photos: R. Otero-Patifio. Reprinted with permission
from Fundamentos de Pediatria, Tomo V (Fondo editorial CIB, Medellin), Otero 2014)

create a favorable environment for the multiplication of bacteria present in the
mouth, fangs, and venom of the snake (Jorge et al. 1998, 2004; Jorge and Ribeiro
1997; Saravia-Otten et al. 2007; Otero-Patifio 2009; Saldarriaga and Otero
1995). Culture of aspirates is a valuable guide to identify infecting organisms.
Arthritis, osteomyelitis, sepsis, pneumonia, and meningitis are less frequent
complications but have been described in B. asper envenomings (Fig. 19)
(Otero-Patifnio 2009).

(b) Acute renal failure (ARF), which develops in 11-17% of patients, sometimes
without oliguric phase (<400 ml/day/1.73 m?), hypertension, hyperkalemia, and
metabolic acidosis. Clinically and pathophysiologically, ARF can be prerenal or
can be associated with acute glomerulonephritis, acute tubular necrosis, or acute
cortical necrosis (Soe et al. 1990), the latter being unresponsive to dialysis during
3—4 weeks (Amaral et al. 1986; Otero 2007; Otero et al. 2002a; Otero-Patifio
2009). These types of renal damage have been demonstrated in autopsies in Costa
Rica in patients bitten by B. asper and constitute, along with CNS hemorrhage,
the main causes of death in those patients (Otero et al. 2002a; Otero-Patifio 2009).

(c) Compartmental syndrome (CPS), which occurs in 3% of patients. In severe local
envenoming, extensive swelling can lead to CPS, mainly when the bite is on a
finger, hand, and foot or in the anterior tibial compartment (Fig. 20) (Garfin et al.
1979; Hayden 1983; Otero 2002a; Otero-Patifio 2009). If CPS is suspected, the
intracompartmental pressure (IP) must be documented by means of the Stryker™
pressure monitor or a similar equipment. It is elevated and associated with CPS if
the IP is >30 mmHg in children or >45 mmHg in adults (Gémez and Dart 1995;
Otero et al. 2002a). Since a needle (No. 16—18) is used in this procedure, it is
contraindicated in patients with nonclotting blood (within the first 6-24 h of
treatment) or with severe thrombocytopenia, owing to the risk of a large hema-
toma, thus increasing the morbidity of this intervention (Otero 2014; Otero-
Patifio 2009).
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Fig. 19 Chronic
osteomyelitis of fibula

4 weeks after B. asper bite
(Photo: R. Otero-Patifio.
Reprinted from Toxicon, 54/7,
Otero-Patifio R.,
epidemiological, clinical and
therapeutic aspects of B. asper
bites, 998—1011, Copyright
2009, with permission from
Elsevier)
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Fig. 20 Compartmental syndrome 36 h after bite inflicted by a B. asper specimen 150 cm body
length. He suffered ARF and necrotizing fasciitis in the extremity, pneumonia, and pleural effusion.
The extremity was amputated when his clinical condition improved (Photo: R. Otero-Patifio.
Reprinted with permission from Fundamentos de Pediatria, Tomo V (Fondo editorial CIB,

Medellin), Otero 2014)

(d) CNS hemorrhage, which occurs in 2-3% of B. asper bite victims and constitutes
one of the most serious systemic complications of these envenomings. It can be
intracerebral, intraventricular (Fig. 21), intramedullar (hematomyelia), subarach-
noid, cerebellar, subdural, or extradural, as described also for B. moojeni
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Fig. 21 (a) Cerebral hemorrhage affecting the left parietal lobe and ventricle (fluid level), with
midline deviation, cerebral edema, and coagulopathy, 48 h after B. asper bite in an 18-year-old
patient. (b) Simple cerebral tomography in a 19-year-old patient bitten by P. nasutum. See the left
parietal lobe and subarachnoid hemorrhage (Photos: R. Otero-Patifio. Reprinted with permission
from Fundamentos de Pediatria, Tomo V (Fondo editorial CIB, Medellin), Otero 2014)
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(Kouyoumdjian et al. 1991), B. atrox, Echis ocellatus, and Calloselasma
rhodostoma (Kerrigan 1991; Warrell 1995; Otero et al. 2002a). It can be
spontaneous or may occur after a cephalic trauma following the bite. Clinical
symptoms correspond to the localization of bleeding. For instance, depending on
the site of hemorrhage, manifestations can be as diverse as focalization (palsy)
and sensitive deficit signs, convulsions, intracranial hypertension, unconscious-
ness, and meningeal irritation signs. Hemorrhage in the pituitary gland, with
secondary panhypopituitarism, has been described for Daboia russelli bites in
Asia (Warrell 1995), but no cases of this complication have been reported for
B. asper bites.

Other systemic bleeding complications, such as hemarthrosis (finger joints
and knee, with a risk of septic arthritis) and any hematoma distant from the
bite site (sublingual, submandibular, subcapsular in the liver, retroperitoneal),
have also been described in B. asper envenomings (Otero et al. 1992a, 2002a;
Otero-Patinio 2009). Diagnosis can be established by means of appropriate
imaging (Rx, computed tomography, magnetic resonance, angiography, ultra-
sound, etc.).

Other complications of B. asper bites are hematic or serous pleural effusions in
severe cases affecting the chest and upper extremities (Otero-Patifio 2009; Otero-
Patifio et al. 2012) (Fig. 22). On the basis of the molecular mass of snake venom
toxins and on the potential effect of metalloproteinases and other toxins on the
placenta, it is highly likely that various venom components can cross the
placental barrier in patients bitten by B. asper, causing fetal envenoming and
pregnancy complications such as abortion, fetal wastage, and abruptio placentae
(£1% of cases). Nevertheless, there are reports of envenomed patients who have
completed pregnancy in good condition without complications after B. asper
bites, certainly requiring strict control of the mother and also a complete
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Fig. 22 Hematic pleural
effusion with mediastinum
deviation, after a B. asper bite
on the left thorax (Photo:
Courtesy Dr Carlos Paredes,
Colombia. Reprinted from
Toxicon, 54/7, Otero-Patifio
R., epidemiological, clinical
and therapeutic aspects of
B. asper bites, 9981011,
Copyright 2009, with
permission from Elsevier)

evaluation (renal, CNS, hematological) of the newborn (Zugaib et al. 1985;
Pantanowitz and Guidozzi 1996; Otero et al. 1992a, 2002a, 2006; Otero-Patifio
2009).

Thromboses in cerebral or other arteries (femoral, mesenteric, etc.) have been
described for B. lanceolatus bites in the Lesser Antillean island of Martinique
(Thomas et al. 1995, 2006) for Daboia russelli in Asia (Ameratunga 1972) and for
Porthidium lansbergii (one case) in Colombia (Otero 2002a) but are rare (<0.1%) in
B. asper bites (Otero-Patifio 2009). Pulmonary thromboembolism may occur in
Bothrops bites inflicted at the dorsal part of the hands or feet, mainly by juvenile or
adult specimens of B. asper as described above. In these cases, there is an i.v. injection
of venom or its rapid diffusion to veins, with little local signs and fast induction
(15 min) of unconsciousness and convulsions secondary to anoxia (Otero 2014).

Specific Treatment
Bothropic Envenomation

First aid measures must be limited to immobilization of the extremity and rapid
transfer of the patient to the hospital. Tourniquets, suction devices, multiple punc-
tures around the wound, or incisions increase the risk of ischemia and necrosis (the
former two) and of hemorrhage and infection (the latter two) (Busch et al. 2000;
Hardy 2003). Therefore, these interventions are strongly contraindicated. The black
stone, a traditional treatment very common in Africa and in some Afro-American
communities from northwestern South America (Colombia), is not an adequate



34 R. Otero-Patifo

treatment for snakebites, as indicated by clinical and experimental evidence (Otero
et al. 1992a; Chippaux et al. 2007; Otero-Patifio 2009). Patients with severe
envenoming should be preferably treated in the ICU. Those with mild or moderate
envenoming can be treated in the emergency room during the first 24 h, the latter
with monitoring of vital signs. Then, the treatment is followed and completed in a
hospitalization ward (Otero-Patifio 2009).

The rational basis for specific antivenom therapy (selection of antivenom and
dosage) in a particular region or country depends on the following: (a) the biology,
epidemiology, and clinical manifestations of snakebites; (b) the venom yield of
different snake species; (c) the toxicological profile of venoms; (d) the in vitro/
in vivo evaluation of the neutralizing ability of the antivenoms available against
those venoms; and (e) the information generated by controlled clinical trials
performed to evaluate the efficacy and safety of antivenoms, together with immu-
noassays (ELISA) to quantify serum venom-antigen and antivenom concentrations
(Theakston et al. 1992; Otero 1998; Otero-Patifio 2009). Three kinds of antivenoms,
based on the type of active substance, are currently produced in the world:
(a) equine-derived, whole IgG antivenoms obtained by ammonium sulfate or
caprylic acid fractionation of plasma; (b) equine-derived F(ab’), fragments, obtained
by pepsin digestion of IgG and ammonium sulfate precipitation; and (c) Fab frag-
ments obtained by papain digestion of ovine-derived IgG, only produced in North
America, Europe, and Australia (Otero 2002; Lalloo and Theakston 2003; Theakston
et al. 2003).

Following recommendations by the World Health Organization (WHO 1981;
Theakston et al. 2003), every country or region must perform preclinical studies to
evaluate the neutralizing ability of the available antivenoms, either locally
manufactured or imported, against the most relevant toxicological effects of the
snake venoms of highest epidemiological importance in those countries and regions.
In Colombia, two whole IgG polyvalent antivenoms, manufactured by Instituto
Nacional de Salud (INS; neutralizing potency 70 mg B. asper venom per 10 ml
vial) and Probiol (neutralizing potency 25 mg B. asper venom/vial), and one F(ab’),
antivenom imported from Mexico (Bioclon; neutralizing potency 30 mg B. asper
venom/vial) are produced and/or distributed (Table 2). In addition, antivenoms from
Brazil, Costa Rica, and Venezuela, with differences in potency, have neutralizing
capacity against B. asper venom from Colombia, as demonstrated experimentally
(Otero et al. 1995, 1997, 2002b) and clinically (Otero-Patifio et al. 2012).

During the last 19 years, six collaborative randomized/controlled clinical trials
(phase III) were performed in patients envenomed by Bothrops spp. bites, including
the determination of serum venom-antigen and antivenom concentrations by ELISA,
using the antivenoms mentioned above. Additionally, a post-marketing study also
evaluated the total needs of antivenom (quantity, safety) for the country (Otero et al.
2001b). Taken together, these studies improved the design of rational protocols for
the treatment of Bothrops spp. bites, in order to evaluate the safety of those products,
to elucidate some factors involved in the early adverse reactions (EARs) to anti-
venoms, and to improve the production and distribution of these immunobiologicals
(Otero-Patifio 2009).
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As recommended in Brazil for B. jararaca and B. atrox bites (Amaral et al. 1991,
Franca and Malaque 2003), and the acquired experience in the country after six
clinical trials, antivenom doses currently suggested in Colombia for the treatment of
B. asper bites should neutralize no less than 100, 200, or 300 mg of venom in case of
mild (two vials of polyvalent antivenom from INS; four vials of polyvalent anti-
venom from Probiol or Bioclon), moderate (four vials INS; eight vials Probiol or
Bioclon), and severe envenomings (6 vials INS; 12 vials Probiol or Bioclon),
respectively (Table 1) (Otero 2007; Otero-Patifio 2009). Additionally, all patients
bitten by B. asper larger than 1.0-1.1 m (adult specimens), who seek medical
attention within the first 2 h, must receive the highest antivenom dose (no less
than 6-12 vials, independently of the envenoming grade at this time) due to the
risk of severe local/systemic envenoming (Otero et al. 2002a; Otero 2007; Otero-
Patifio 2009). For the polyvalent antivenom from Costa Rica, similar doses to those
of Probiol and Bioclon products are indicated for B. asper bites (Otero-Patifio 2009).

Results of efficacy obtained in Colombia, with the antivenoms described
above, were similar in various clinical trials. Briefly, cessation of local and
systemic bleeding (different of hematuria) should occur within the first 6-12 h
(mainly within 2-3 h) of treatment in 100% of patients, and recovery of blood
coagulability (WBCT, PT, PTT, fibrinogen) within 12-24 h after the onset of
antivenom therapy in 90-100% of the patients (Otero-Patifio 2009; Otero-Patiiio
et al. 2012). These simple clinical and laboratory parameters are recommended
as criteria of the efficacy of the initial antivenom dose. Without specific anti-
venom administration, coagulopathy can persist during 8—11 days (Kornalik and
Vorlova 1990). If these criteria are not fulfilled, an additional dose of three vials
of the same antivenom should be administered at 12 or 24 h of treatment,
respectively, or at any time when there is evidence of recurrence of
coagulopathy or bleeding. Hematuria stops in 90% of patients who present
this sign within 12-24 h and in 100% of patients in 48—72 h (Otero 2007, 2014;
Otero-Patifio 2009, 2011).

In spite of adequate venom neutralization by antivenom, edema may continue to
progress during 12—48 h, with the possible development of CPS. Thus, edema
progression stops within 6—12 h in 60-70% of patients, within 12-24 h in other
25-35% of patients, and in 24-48 h in the remaining 5%. For this reason, it is
better to exclude edema progression as a criterion to assess therapeutic success and
to determine whether additional antivenom doses should be administered, at least
during the first 24 h (Otero et al. 1996). If edema progression persists during the
second day, after excluding secondary infection, an additional dose of three
vials of antivenom should be administered (Otero-Patifio 2009).

Besides the clinical and laboratory criteria of efficacy described, immunoassays
also indicate that serum venom-antigen concentrations significantly decreased at the
end of the antivenom infusion and remained undetectable during 48—96 h in most
patients. Nevertheless, 10-30% of patients had recurrence of antigenemia, without
clinical significance (Otero et al. 2006; Otero-Patifio et al. 1998, 2007, 2012).
Interestingly, there were some patients (5—10%) who corrected WBCT and fibrino-
gen levels at a faster rate than PT, or vice versa.
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Skin or conjunctival sensitivity tests should not be performed because they
have no predictive value for the occurrence of early adverse reactions (EARs)
(Malasit et al. 1986; Cupo et al. 1991). Antihistamines or other premedications
should not be used, and all patients have to be regarded as potentially reactive to
antivenom therapy. Antivenom must be diluted in 0.9% NaCl solution (100 ml for
children and 250 ml for adults), and the intravenous infusion should be completed
within 30—60 min. Patients should be carefully observed for 24 h for the devel-
opment of EARs. As previously described (WHO 1981; Lalloo and Theakston
2003), these appear within the first 24 h of antivenom therapy, predominantly
during the infusion and within the first 2 h of treatment (Otero-Patifio et al. 2012).
Antivenom administration by means of bolus injection is not recommended,
because it may induce a rapid hypotension, an effect attributable to the presence
of phenol as preservative in many antivenoms (Garcia et al. 2002; Otero-Patifio
2009).

Lachesic Envenomation

As described above, more than 60% of the cases are severe. Consequently, all the
patients must be treated with the maximal antivenom dose recommended for those
cases (to neutralize not less than 300 mg of venom), using a polyvalent antivenom
(12 vials) containing adequate specific antibody titers against Lachesis spp. venom
(Table 2).

Elapidic Envenomation

As in Colombia there is no production of specific antivenoms against all the
epidemiologically important Micrurus spp. venoms, it is necessary to import ade-
quate products from other producer countries of the region, after the preclinical
evaluation of their neutralizing ability against Colombian Micrurus spp. venoms.
Thus, Soro Antielapidico® from Instituto Butantan, Sdo Paulo, Brazil, a bivalent
product against the venoms of M. corallinus and M. frontalis from Brazil, has
demonstrated neutralizing capacity against the venoms of the three groups (bicolor,
monadal, black rings arranged in triads) of coral snakes from Colombia (Campbell
and Lamar 2004; Otero and Mesa 2006; Barona et al. 2005; Prieto da Silva et al.
2001; Otero-Patifio 2011). Nevertheless, it is advisable to provide antivenoms with
good cross-reactivity against the venoms of the Colombian monadal group of coral
snakes, as those produced in Mexico and Costa Rica by immunizing horses with
M. nigrocinctus venom (Table 4).

An 1.v. infusion of five vials is the recommended antivenom dose for coral
snakebites from the Caribbean, Pacific, and Andean regions of the country,
diluted in 100-250 ml of isotonic saline solution, administered within 30-60
min, or ten vials for patients bitten by coral snakes of black rings arranged in
triads, in the Orinochian and Amazonian regions, snakes with higher venom
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Table 4 Neutralizing potency of anti-elapidic antivenoms available in Colombia, against coral
snakebites

Neutralizing potency

mg venom/10 ml antivenom Commercial
Antivenoms M. mipartitus | M. dumerilii | M. nigrocinctus | presentation
Suero antiofidico ANTI- N.NP 3.0 3.0 Liquid (cage
CORAL, ICP (Whole x 1 vial
IgG)* 10 ml)
Soro antielapidico, 2.7 11.2 Unknown Liquid (cage
Instituto Butantan [F X 5 vials
(ab"),]* 10 ml)
Coralmyn, Instituto N.NP 9.2 5.0 Lyophilized
Bioclon S.A. de C.V.,, (cage x 1 vial
Mexico [F(ab'),]¢ 10 ml)

4ICP: Instituto Clodomiro Picado, Universidad de Costa Rica, San José, Costa Rica; whole IgG
antivenom produced immunizing horses with M. nigrocinctus venom from Costa Rica

®N.N: coral snake venom (M. mipartitus) not neutralized

“Instituto Butantan, Sao Paulo, Brazil; [F(ab’),] antivenom produced immunizing horses with
M. frontalis (black rings arranged in triads group) and M. corallinus (monadal group) from Brazil
9[F(ab’),] antivenom produced immunizing horses with M. nigrocinctus venom from Mexico.
References: Barona et al. 2005; Otero-Patifio 2011; Otero 2014. Additionally, Laboratorios Probiol,
Bogota, Colombia, produces Suero Antiofidico Anticoral Liofilizado whose potency against coral
snake venoms from different regions of the country is unknown

production (Silva-Haad 1994). The highest value of the antivenom administra-
tion is within the first 2 h of the bite, before paralysis appearance (Otero 2007,
Otero-Patifio 2011).

Crotalic Envenomation

The three polyvalent antivenoms registered in Colombia, with some differences in
potency, have antibodies against C. d. cumanensis venom (Table 2). Being a very
lethal venom, in mild cases, it is recommended to neutralize at least 50-75 mg of
venom (5—10 vials); in moderate cases, 100—150 mg of venom (10-15 vials); and in
severe cases, 200-300 mg of venom (20-30 vials) (De Azevedo-Marques et al.
2003; Pinho et al. 2005; Otero-Patifio 2011; Otero 2014).

Adverse Reactions to Antivenom Therapy

EARs might correspond to type I hypersensitivity reactions, which involve
IgE-mediated degranulation of mast cells and basophils, with rapid release (within
minutes) of preformed mediators, such as histamine, TNF-a, and IL-4. Arachidonic
acid metabolites, such as leukotriene D4 and prostaglandin D,, are synthesized and
released more slowly (30 min to hours). The cross-linking of two molecules of IgE
antibodies specific for the equine IgG (their relevant allergen) on the specific
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receptors of cell surface (FCER1) is the triggering mechanism involved in anaphy-
lactic reactions, for degranulation of mast cells and basophils. Nevertheless, hista-
mine release can also be triggered by agents that act on other receptors of the mast
cell/basophil plasma membrane; for example, the complement-derived fragments
C3a and C5a (anaphylatoxins) generated through complement activation by heter-
ologous IgG may induce mast cell/basophil degranulation. Such acute reactions to
these agents, which do not involve IgE antibodies, are referred to as anaphylactoid
reactions (Fan and Franca 1992; Otero-Patifio 2009). The majority of EARs (>90%)
after antivenom infusion are anaphylactoid, whereas less than 10% of EARs corre-
spond to true anaphylactic reactions. Pyrogenic reactions may occur after the admin-
istration of antivenoms containing bacterial endotoxins (Otero-Patifio et al. 1998).

The incidence of EARSs varies depending on the product. It is relatively low using
some F(ab'), preparations (12-36%) and caprylic acid-fractionated IgG antivenoms
(11-29%). The former antivenoms are produced in Brazil, Mexico, and Venezuela,
and the latter are produced in Costa Rica (Otero-Patifio 2009).

The incidence of EARSs is also associated with the physicochemical characteris-
tics of antivenoms. Factors such as albumin contamination, high load of protein, and
the presence of protein aggregates are likely to contribute to EARs (Otero-Patifio
2009), thus stressing the need for good fractionation protocols that yield highly
purified F(ab’), or IgG products. It has been demonstrated that antivenoms made of
whole IgG obtained by ammonium sulfate precipitation have higher in vitro anti-
complementary activity and, accordingly, induce a relatively high incidence of EARs
(25-82%). In contrast, a lower incidence of EARs has been described after the
administration of caprylic acid-fractionated whole IgG and F(ab’), preparations
(11-29%) (Otero-Patifio 2009; Otero-Patifio et al. 2012).

EARs are classified as mild (characterized by cutaneous reactions, as urticaria or
rash, or gastrointestinal reactions, chills, fever), moderate (associated with mild
hypotension, facial angioneurotic edema), and severe (characterized by airway
angioedema, shock, cardiac arrest, bronchospasm) (Otero-Patifo et al. 1998,
2012). These reactions should be treated as recommended by Fan and Franca
(1992) and Otero-Patifio et al. (1998, 2007, 2012). Briefly, the antivenom infusion
has to be stopped, and adrenaline (0.01 mg/kg in children and 0.3—0.5 mg in adults)
should be administered subcutaneously for mild/moderate EARs and intravenously
for severe EARs. Although some authors recommend intramuscular (i.m.) rather
than subcutaneous (s.c.) adrenaline in terms of bioavailability, the risk of deep
hematomas associated with i.m. injections in patients having coagulopathy must
be kept in mind. Additionally, patients must receive hydrocortisone i.v. 100-200 mg
every 6 h during 24 h (5—10 mg/kg/day in children), or any equivalent corticosteroid,
and one i.v. dose of antihistamine (clemastine 0.0125-0.025 mg/kg in children and
2.0 mg in adults or diphenhydramine 1.0-2.0 mg/kg in children and 50 mg in adults).
Once EAR symptoms have subsided or ameliorated (usually within 15 min), anti-
venom infusion should be continued with caution. If EARs repeat, a parallel
continuous infusion of adrenaline (1.0 mg diluted in 250 ml 0.9% NaCl solution)
should be administered during the antivenom infusion (Otero 2007; Otero-Patifio
2009; Otero-Patifio et al. 2012).
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After discharge from the hospital, patients should be asked to return for
reevaluation within the next 4 weeks and need to be instructed about the possible
development of serum sickness within 3-24 days after antivenom infusion (Otero-
Patifio et al. 1998; Otero 2007; Otero-Patifio 2009). This complication occurs in
30-75% of patients receiving heterologous immunoglobulins, as a result of the
development of antibodies by the patient against equine IgG or F(ab’), with the
formation of antigen-antibody complexes and complement activation (Lalloo and
Theakston 2003). The circulating immune complexes are deposited in the walls of
microvessels in various tissues (skin, lymphatic nodes, kidney, peripheral nerves,
serous membranes) leading to increased vascular permeability and thus to a type III
hypersensitivity reaction or immune complex disease. Fever, arthralgia, pruritus,
urticaria, enlargement of lymphatic nodes, proteinuria, and a drop in serum comple-
ment activity are the usual symptoms and signs of serum sickness; in rare cases,
glomerulonephritis and peripheral neuropathy can also occur (Otero-Patifio 2009).

The development of serum sickness is associated with the antivenom dose
administered, i.e., with the total load of heterologous proteins received by the patient
(LoVecchio et al. 2003; Otero 2007). This late adverse reaction is treated with
antihistamines and, if necessary, with a short cycle of corticosteroids. As most of
patients affected by snakebites live in remote rural communities, there is under-
registration of this adverse reaction in tropical areas of Latin America, where only
20-30% of patients come back for reevaluation (Otero 2007; Otero-Patifio 2009).

Ancillary Treatment
Bothropic Envenomation

The ancillary treatment of Bothrops spp. envenomings includes the following: (a) the
correction of hypovolemia; (b) the early administration of wide-spectrum antibiotics
in severe local envenomations or whenever there is overinfection; the tetanus
prophylaxis at the second day of treatment (after normalization of blood coagulation
tests due to the risk of i.m. hematoma in patients with unclottable blood); (c) the
diagnosis and treatment of CPS; (d) pain management; (e) the treatment of wound
and complications (infection, surgical procedures, rehabilitation); and (f) the defini-
tion of the traditional (folk) medicine role (Otero-Patifio 2009):

(a) For the adequate correction of hypovolemia, two peripheral venous lines should
be canalized: one for antivenom administration and the other to infuse crystal-
loids (normal saline solution or Ringer’s lactate solution), as needed (15-30
ml/kg or more in 30—60 min) to restore circulating volume. The measurement of
the arterial oxygen saturation is recommended, in order to assess the need to
provide oxygen therapy. Then, i.v. liquids have to satisfy 1-2 times the daily
needs of water, glucose, and electrolytes. In all cases, urinary output should be
measured hourly, in severe cases, by means of a bladder catheter. Normally,
adolescents and adults eliminate more than 0.5 ml’kg/h (30-40 ml/h) and
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children more than 1.0-2.0 ml/kg/h. In severe envenomings, especially when
there is anuria, the management of i.v. liquids is more difficult, and preferably,
the patient should have a central venous catheter for continuous measurement of
the central venous pressure (Otero 1994, 2007; Otero and Mesa 2001, 2006;
Otero-Patifio 2009). If, after a second bolus of i.v. liquids, urinary output does
not normalize, furosemide (1-2 mg/kg i.v., maximal dose 5 mg/kg/day) should
be administered. If anuria persists, an i.v. infusion of dopamine (2.5-5.0 pg/kg/
min) within 6 h may be recommended to normalize renal plasmatic flow and
glomerular filtration (Otero 2007; Otero and Mesa 2001; Otero-Patifio 2009).
Finally, if an adequate response is not achieved, concentrations of serum creat-
inine and electrolytes, and an electrocardiogram, should be assessed because the
patient is likely to develop ARF in these circumstances, possibly secondary to
ATN. Some criteria to perform dialysis (20% of patients with ARF secondary to
Bothrops spp. bites need dialysis) are metabolic acidosis, persistent and
unresponsive anuria with hypervolemia, elevation of serum creatinine concen-
tration above 5 mg/dl, and hyperkalemia (>6 mEq/l) (Otero et al. 1992a, 2002a;
Pinho et al. 2005; Otero 2007; Otero-Patifio 2009).

The early administration of antibiotics in severe local bothropic envenoming,
specially by B. asper (not prophylaxis, a term that implies the use of antibiotics
before the trauma), is controversial for several reasons. Among these reasons are
as follows: (1) bacteria of high pathogenicity might have been injected with the
venom in the affected tissues for hemorrhage and necrosis, enhancing the
development of infection; (2) the groups of patients of different studies are not
comparable; (3) some clinicians prefer to wait for the appearance of infection
signs; (4) almost all the patients with severe local envenoming after a B. asper
bite suffer some type of local infection (impetigo, cellulitis, abscess, fasciitis),
sometimes complicated with bacteremia and sepsis (pneumonia); (5) the indis-
criminate use of broad-spectrum antibiotics promotes the development of bac-
terial resistance (Goldstein 1992; Blaylock 1999; Jorge et al. 1994, 1998, 2004;
Jorge and Ribeiro 1997; Otero-Patifio 2009, 2011). However, despite the uncer-
tainty derived from these considerations, envenomings by B. asper, and other
large snakes distributed in Latin America such as B. atrox, B. jararacussu, and
L. muta, are often associated with severe local effects and infection. Thus, the
antibiotic schedule must include one of the following combinations against
gram-negative rods and S. aureus: clindamycin + ceftriaxone, clindamycin +
ciprofloxacin, or sulbactam + ampicillin. This antibiotic treatment in severe local
envenomings inflicted by B. asper should be followed during hospitalization of
the patient and thereafter, whenever required (Otero 2007; Otero et al. 2002a;
Saravia-Otten et al. 2007; Otero-Patifio 2009). Adequate samples for cultures
(blood, exudates, pus, blister contents) should be collected in order to identify
the bacteria and to assess its corresponding antibiotic sensitivity (Otero et al.
2002a; Otero-Patifio 2009).

CPS is clinically suspected by the presence of tight edema, dysesthesia, alter-
ation of deep sensitivity (proprioceptive) in the extremity, and limitation of
movement, with or without slow capillary filling. It occurs during the first
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2 days of envenoming, mainly within the first 12 h (phase of rapid increment of
edema) (Otero 2007; Otero-Patifio 2009). Diagnosis must be confirmed by
measurement of IP, as described above. However, during the first 12 h of
treatment, the measurement of IP is not recommended owing to the risk of
hematoma under the fascia in a coagulopathic patient. Therefore, an alternative
method is the administration of an i.v. infusion of the osmotic diuretic mannitol
(1-2 g/kg) in 30-60 min (half-life 1.7 h), which generally induces a fast
reduction of IP within 2 h. This has been reported to reduce the need of
fasciotomy in many cases (Gomez and Dart 1995; Warrell 1995; Otero et al.
2002a; Otero-Patifio 2009).

Mannitol is contraindicated if the following are present: (1) persistent anuria
with hypervolemia, (2) oliguria with hypovolemia, (3) active bleeding into the
CNS, and (4) edema or pulmonary hemorrhage (Otero 2007; Otero-Patifio
2009). The use of fasciotomy has been a controversial subject. Morbidity,
disfiguration/scars, and complications (infection, bleeding) increase with this
surgical intervention; it must be deferred only for those patients with high IP
which does not decrease after mannitol administration (Garfin et al. 1979;
Warrell 1995, 2004; Otero et al. 2002a; Dart 2004; Otero-Patifio 2009).

For an analgesic effect, tramadol or meperidine (1-2 mg/kg i.v. every 6-12 h) or
acetaminophen per oral route is recommended. Morphine should not be used
because it causes a decrease of venous return and hypotension, which are
particularly problematic in hypovolemic patients. Nonsteroidal anti-
inflammatory drugs (NSAIDs) are not recommended, because they inhibit
platelet aggregation and may exert renal, hepatic, and gastrointestinal deleterious
actions (Otero 2007; Otero and Mesa 2006; Otero-Patifio 2009). An adequate
antivenom dose administered early in the course of envenoming usually induces
a fast reduction of pain, because it interferes with the activation that venom
toxins induce on inflammatory cascades (Otero 2007; Otero-Patifio 2009).
Intramuscular injections should be avoided during the first 24—48 h of treatment
or while coagulopathy persists.

The affected extremity must rest at the level of the bed, i.e., neither elevated nor
pendant. Wound cleaning may be performed with saline solution and a soft
antiseptic every day; then, it can be covered with sterile gauzes moistened with
saline solution without bandage. Blister contents must be aspirated with sterile
syringe at 12- to 24-h intervals, because they contain high venom antigen
concentrations that can be reabsorbed. The search for infection is recommended,
ordering cultures when necessary. Careful debridement of necrotic soft tissue, as
well as amputations, must be performed under anesthesia and in a sequence
indicated by clinical evolution, usually after the third day (Otero 2007; Otero-
Patifio 2009). At this time, covering with gauzes, antibacterial or healing
ointments, and bandages is indicated. Surgical drainage of soft tissue abscesses
and necrotizing fasciitis should be as extensive as necessary, especially in the
latter. Drainage should be followed by cultures for aerobic and anaerobic
bacteria. After the second week, a rehabilitation program is essential for some
patients who develop local complications (skin grafts, physical exercises,
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prosthesis, etc.) (Otero 2007; Otero-Patifio 2009, 2011). Finally, in patients who
presented soft tissue infection, especially in moderate and severe cases, and
when the bite was on anatomical sites covered by a thin layer of soft tissue, i.c.,
tibial or peroneal compartment, fingers, and head, a radiographic assessment of
the affected limb or anatomical part is recommended at 2 and at 4 weeks after the
bite, in order to rule out osteomyelitis (Otero 2007; Otero-Patifio 2009).

(f) Despite the demonstration of significant neutralization of pharmacological and
enzymatic effects (lethality, edema, hemorrhage, defibrination, coagulant) of
snake venoms in experiments performed by preincubating venom and plant
extracts (in vitro), before the administration to mice, this protective effect
disappeared or lowered significantly when both substances were independently
administered by separate routes. For example, when the plant extract was
administered after the venom injection as occurs in natural conditions. In conse-
quence, snakebites will not be treated with plant extracts as a unique and
definitive therapy to replace the antivenom. Additionally, there are no clinical
trials (phase III studies) neither designed nor approved by ethical reasons which
allow to recommend their use (plant extracts) in patients (Otero et al. 2000a, b).

Lachesic Envenomation

The ancillary treatment is similar to that recommended for Bothrops bites.

Elapidic Envenomation

The support or ancillary treatment includes the following: (a) strict monitoring of
vital signs and oximetry, including those patients with early admission without
paralysis; (b) availability of the ICU for those patients who need respiratory support;
(c) intravenous liquids have to satisfy 1-2 times the daily needs of water, glucose,
and electrolytes; (d) antimicrobials usually are not needed, whenever overinfection
(pneumonia secondary to mechanical ventilation) or bronchoaspiration does not
occur; (e) pharmacological treatment with anticholinesterases (neostigmine + atro-
pine), currently not used because many coral snake venoms have combined presyn-
aptic and postsynaptic actions (containing both a-and B-neurotoxins) (Otero 2007;
Da Silva Jr and Bucaretchi 2003; Otero-Patifio 2011).

Crotalic Envenomation

The ancillary treatment includes the following: (a) the maintenance of adequate
diuresis (2.0 ml/kg/h in children; 30-40 ml/h in adolescents and adults);
(b) prevention of the renal damage secondary to rhabdomyolysis and myoglobinuria
by alkalinizing urine by means of hydrating the patients with a solution of 5%
glucose (500 ml), 20% mannitol (25 ml), 20% sodium chloride (10 ml), and 8.4%
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sodium bicarbonate (20 ml), two times the daily maintenance during 48—72 h (Pinho
et al. 2005); (c) if diuresis does not improve using this protocol, i.v. furosemide
(2.04.0 mg/kg) must be administered; (d) antimicrobials are only indicated if
infection signs appear; tetanus prophylaxis should be indicated after coagulation
normalization. Dialysis will be required for 25% of patients complicated by ARF in
this envenomation. Respiratory support must be available (ICU) for the rare cases of
hypoxemia secondary to paresis of respiratory muscles (Otero 2007, 2014; Otero-
Patifio 2011).

Conclusions and Future Directions

The strategy of primary health care is the most viable and the best method to
decrease the high impact of snakebites in morbidity, mortality, and sequelae in
Latin America and for prevention programs. Some of the essential components for
the success of this strategy are as follows: (a) the education offered to the community
and health workers by multiple media about snakes, venoms, snakebites, treatment,
and prevention; (b) to have adequate channels for the early supply and distribution of
antivenoms and other basic medicines which are necessary for the attention of
patients at health institutions of different complexity; (c) the interdisciplinary
work; (d) the participation of the communities in different components of the
strategy; (e) an expedite network of communications and transportation media to
transfer patients opportunely; (f) a suitable distribution of antivenoms and delegation
of functions for the health personnel according to the grade of envenoming of
patients and the resources available in the attendant institution; (g) the epidemiolog-
ical surveillance; (h) the strategic alliance university/health authorities to develop
research and educational programs; and (i) an adequate financial support, mainly
from the budget of the Ministry of Health, who must be outlining policies and
evaluating the program (Otero et al. 1992¢c, 2001a; Gutiérrez et al. 2006a; Otero-
Patifio 2009, 2011).
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Abstract

Envenomings induced by snakebites constitute a serious public health problem in
Latin America. This condition affects predominantly vulnerable rural populations
and has a high impact in regions where the provision of health services is
deficient. Most envenomings are provoked by species of the genera Bothrops
and Crotalus, classified in the family Viperidae, whereas about 1% of cases are
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due to Micrurus species (family Elapidae). There are laboratories in several
countries in the region which manufacture antivenoms. Scientific and biotechno-
logical research has generated a significant body of knowledge on snakes and
their venoms and on antivenoms. Despite important advances in the control of
these envenomings in Latin America, it is necessary to strengthen regional efforts
in order to (a) improve the knowledge on snakes and their venoms; (b) acquire
information on the incidence and mortality of snakebite envenomings;
(c) increase the volume of antivenom produced and, in some cases, the quality
of antivenoms; (d) improve the regulatory work of national quality control
laboratories; (¢) develop knowledge-based strategies of distribution of anti-
venoms; (f) consolidate continuous education programs for the health staff in
charge of the treatment of these envenomings; (g) ensure support to people that
suffer physical or psychological sequelae as a consequence of these
envenomings; and (h) strengthen community programs aimed at improving the
prevention and adequate management of snakebites. The development of inter-
programmatic and inter-sectorial projects in this field should be promoted in the
region, involving multiple actors and institutions, within a frame of regional
cooperation programs.

Introduction

Snakebite envenoming constitutes a highly relevant public health problem, particu-
larly in Africa, Asia, and Latin America (Kasturiratne et al. 2008; Gutiérrez et al.
2010a). This pathology, which largely affects impoverished populations in rural
settings (Harrison et al. 2009), has been largely neglected by health authorities,
research agendas, and pharmaceutical companies. As a consequence, the World
Health Organization (WHO) has included snakebite envenoming in its list of
neglected tropical diseases (www.who.int/neglected diseases/diseases/en/). A
renewed interest in this subject has been raised in the last years, resulting in a number
of initiatives; publications; scientific events; regional workshops; the publication of
the WHO Guidelines for the Production, Control and Regulation of Snake Antivenom
Immunoglobulins (WHO 2010); and the birth of the Global Snakebite Initiative (GSI;
www.snakebiteinitiative.org) (Williams et al. 2010). In Latin America, a number of
initiatives have been developed aimed at increasing the awareness of the seriousness
of this pathology and at promoting regional cooperative efforts to confront it (www.
paho.org/spanish/ad/dpc/vp/poisonous-animals.htm; Gutiérrez et al. 2007).

An effective attention to this public health problem demands concerted efforts in
the frame of an integrated and holistic strategy, taking into consideration its com-
plexity and multifactorial nature (Williams et al. 2010; Gutiérrez et al. 2010a). This
demands actions in scientific research, technological development and innovation,
production of sufficient volumes of safe and effective antivenoms, programs for
acquisition and distribution of antivenoms to regions where they are needed, per-
manent education programs for health personnel, effective prevention platforms, and
adequate attention to people suffering from sequelae secondary to snakebites. This
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chapter discusses snakebite envenomings in Latin America and the Caribbean and
highlights some of the tasks that need to be undertaken in this region in order to
significantly reduce the impact of this disease.

Epidemiology
Incidence and Mortality

Information on the incidence of snakebite envenomings is rather incomplete in many
regions of the world (WHO 2010). The majority of the studies have been based on
hospital statistics, which are often incomplete, for various reasons. In some cases,
only a fraction of snakebitten patients attend hospitals and health centers for
attention, and also the collection of hospital records by epidemiological surveillance
units is often deficient. When more precise estimations have been performed, such as
in community- and household-based studies, the actual dimension of incidence and
mortality is evident. The problem of poor or incomplete epidemiological records on
snakebites also occurs in Latin America (Gutiérrez 2011). Therefore, it is necessary
to develop national and regional efforts in this region aimed at gathering robust
epidemiological data on snakebite envenomings by integrating hospital-based infor-
mation with community-based studies, in order to have a more precise estimation of
the magnitude of this public health problem. An aspect that will contribute to this
goal is the introduction of compulsory report of snakebites; this has been achieved in
some countries (Gutiérrez et al. 2007), but needs to be generalized to the whole
region.

Despite the limitations of currently available data, a rough estimation of the
incidence and mortality of snakebite envenomings in Latin America and the Carib-
bean can be obtained by using records emanating from hospitals and ministries of
health. Such estimations indicate that there are at least 70,000 cases of snakebites in
the region (Table 1). Such estimation corresponds to the lower limit of a study in
which the global burden of snakebites was investigated (Kasturiratne et al. 2008). In
this work, the annual number of snakebites in the region was estimated to be in the
range of 80,329-129,084. Likewise, data on mortality are also incomplete, although
there is reliable information for some countries. The mortality rates (expressed per
100,000 population per year) described for various countries are Costa Rica,
0.02-0.15; Panama, 0.5 (Hildaura Acosta, personal communication); Venezuela,
0.1-0.2; Brazil, 0.05; and Ecuador, 0.05 (Gutiérrez 2011 and references therein).
Kasturiratne et al. (2008) estimated the total number of deaths due to snakebite
envenomings in Latin America to be in the range of 540-2,298, although this is
likely to represent an underestimation due to the problems discussed above.

Snakebites affect predominantly young adult agricultural workers, especially
males, although a significant number of cases also occur in women, as well as in
children and adolescents, most of whom are affected when working in the fields
(de Oliveira et al. 2009). Most of the accidents occur when people are performing
agricultural duties (de Oliveira et al. 2009; Gutiérrez 2010, 2011). Incidence varies
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Table 1 Estimated number of snakebites per year per country in Latin America and the Caribbean
and species of highest medical impact in each country (From Gutiérrez (2011) and references therein)

Country

Estimated number of snakebites per year

Species of highest medical
impact®

North America

Mexico 27,000 Agkistrodon bilineatus
Agkistrodon taylori
Bothrops asper
Crotalus atrox
Crotalus scutulatus
Crotalus simus
Crotalus totonacus

Central America

Belize 50 Bothrops asper

Costa Rica 500-600 Bothrops asper
Crotalus simus

El Salvador 50 Crotalus simus

Guatemala 500 Bothrops asper
Crotalus simus

Honduras 500 Bothrops asper

Nicaragua 600 Bothrops asper
Crotalus simus

Panama 1,300-1,800 Bothrops asper

The Caribbean

Aruba

Information not found

Crotalus durissus

Martinique

20

Bothrops lanceolatus

Saint Lucia

12

Bothrops caribbaeus

Trinidad and
Tobago

Information not found

Bothrops atrox

South America

Argentina

270

Bothrops alternatus

Bothrops diporus®

Crotalus durissus

Bolivia

1,000

Bothrops atrox

Bothrops mattogrossensis®

Crotalus durissus

Brazil

26,000-29,000

Bothrops atrox

Bothrops jararaca

Bothrops jararacussu

Bothrops leucurus

Bothrops moojeni

Crotalus durissus

Colombia

3,000

Bothrops asper

Bothrops atrox

Bothrops bilineatus

Crotalus durissus

(continued)
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Table 1 (continued)
Species of highest medical
Country Estimated number of snakebites per year | impact®
Ecuador 1,400—1,600 Bothrops asper
Bothrops atrox
Bothrops bilineatus
Lachesis muta
Guiana 200 Bothrops atrox
Bothrops bilineatus
Bothrops brazili
Crotalus durissus
French Guiana 100 Bothrops atrox
Bothrops bilineatus
Bothrops brazili
Crotalus durissus
Paraguay 400-500 Bothrops alternatus
Crotalus durissus
Peru 1,400-1,500 Bothrops atrox
Bothrops bilineatus
Bothrops pictus
Crotalus durissus
Lachesis muta
Suriname Information not found Bothrops atrox
Bothrops bilineatus
Bothrops brazili
Crotalus durissus
Uruguay 50-60 Bothrops alternatus
Crotalus durissus
Venezuela 7,000 Bothrops atrox
Bothrops colombiensis
Bothrops venezuelensis
Crotalus durissus
“The species having the highest medical impact are those classified within category 1 in the WHO
Guidelines for the Production, Control and Regulation of Snake Antivenom Immunoglobulins

(WHO 2010). In the case of Venezuela, the species Bothrops colombiensis is added
Formerly classified as subspecies of Bothrops neuwiedi

during the year, with peaks generally occurring during the rainy season, associated
with agricultural work (Sasa and Vazquez 2003; de Oliveira et al. 2009). For some
snake species, the invasion of natural habitats by agricultural activities and the
development of human settlements provokes a close contact between snakes and
people, which increases the likelihood of accidents, as occurs in the case of the
viperid species Bothrops asper (Gutiérrez 2010) and other species that also adapt to
altered environments. Likewise, the effect of natural disasters on snakebite incidence
needs to be considered, as floods or other natural phenomena might increase the
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incidence of snakebites. However, presenting general data on incidence per country
does not allow the identification of specific regions where the magnitude of this
problem is very high. Thus, there is a need to assess incidence and mortality on a
regional basis within countries, in order to detect highly vulnerable regions and
human groups that require particular attention of public health programs, such as
indigenous populations. The use of Geographical Information Systems (GIS) meth-
odologies should be fostered, with the aim of analyzing spatial patterns of distribu-
tion of incidence, snake species, location of health services, and transportation
facilities, among other parameters. These technologies have been used in Argentina
(Leynaud and Reati 2009) and Costa Rica (Hansson et al. 2013) and have allowed
the identification of vulnerable regions in which provision of health care for snake-
bitten patients should be improved.

Sequelae of Snakebite Envenomings: The Need to Know Their Impact

The impact of snakebite envenomings in Latin America should be viewed from a
wide perspective, considering the consequences in terms of permanent sequelae
and of social and economic implications. An unknown percentage of viperid
snakebite cases end up in permanent physical sequelae associated with tissue loss
or dysfunction (Warrell 2004; Cardoso et al. 2009; Gutiérrez et al. 2010a). More-
over, psychological sequelae occur after snakebite envenomings, as has been
described in Sri Lanka (Williams et al. 2011). Although this subject has not been
investigated in Latin America, the severity and complications of many of these
envenomings strongly suggest that psychological effects occur. The issue of phys-
ical and psychological sequelae after snakebite envenomings should be analyzed in
terms of DALYs (disability adjusted life years) lost, a valuable tool to assess the
impact of diseases. Likewise, the social and economic impacts of this disease have
not been properly assessed. Since the large majority of cases occur in young
agricultural workers, including women and children, the impact of this pathology
in household and community economics and social life is considerable, especially
since snakebites occur predominantly in impoverished rural areas. There is an
urgent need to assess the impact of snakebite envenoming from this broader
perspective, using research tools of the social sciences. The adequate understand-
ing on the physical, economic, social, and psychological consequences of snake-
bites is required for a knowledge-based allocation of resources and for developing
robust advocacy to combat this neglected problem in Latin America and elsewhere
in the world.

Snake Species Responsible for the Highest Burden of Envenomings
The medically most important snake species in Latin America and the Caribbean

belong to the families Viperidae and Elapidae (Cardoso et al. 2009). Species of the
family Colubridae (sensu lato) cause a number of bites and are able to inject venom,
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although the severity of these cases is generally mild (Prado-Franceschi and Hyslop
2002). The vast majority of snakebites in the region are inflicted by species of the
family Viperidae, especially of the genus Bothrops, followed by species of the genus
Crotalus (Warrell 2004; de Oliveira et al. 2009; Gutiérrez 2010, 2011).
Envenomings caused by coral snakes (family Elapidae, genus Micrurus) represent
1% of the total number of bites (de Oliveira et al. 2009; Gutiérrez 2010, 2011). The
species causing the highest number of bites vary depending on the country and are
enlisted in Table 1. Some species having a high impact are Bothrops asper in Central
America and northern regions of South America, Bothrops atrox in the Amazon,
Bothrops jararaca and B. alternatus in southern South America, and the rattlesnake
Crotalus durissus in South America (Warrell 2004; Cardoso et al. 2009; Gutiérrez
2010; WHO 2010) (Table 1; Fig. 1).

Clinical Aspects of Envenomings
Envenomings by Species of the Family Viperidae

The majority of envenomings provoked by species of the family Viperidae are
characterized by a complex combination of local and systemic pathological and
pathophysiological alterations. Local effects are characterized by edema, pain,
hemorrhage, dermonecrosis, blistering, and myonecrosis (Warrell 2004; Cardoso
et al. 2009; Otero-Patifio 2009; Gutiérrez 2010) (Fig. 2). The magnitude of these
effects varies according to the severity of envenoming. Mild cases are characterized
mostly by local edema and pain, whereas severe envenomings are associated with
prominent necrosis which might result in tissue loss resulting in permanent sequelae
(Otero et al. 2002; Warrell 2004; Cardoso et al. 2009). Local infection often occurs in
the affected tissue, and venom-induced muscle tissue damage promotes colonization
by bacteria (Otero et al. 2002; Otero-Patifio 2009). Systemic manifestations of
envenomings by viperid snakes are characterized by bleeding; coagulopathy asso-
ciated with defibrinogenation and incoagulability, together with thrombocytopenia
and platelet hypoaggregation; hypovolemia leading to hypotension and cardiovas-
cular shock; and acute kidney injury (Warrell 2004; Cardoso et al. 2009; Otero-
Patifio 2009; Gutiérrez 2010). The severity of viperid envenomings depends on a
number of factors, mostly the volume of venom injected, but also the site of the bite
and the size and physiological constitution of the victim. Snake venoms present
notorious inter- and intraspecies variations in their composition due to geographical
and ontogenetic factors (Calvete 2011); such variation might influence the clinical
outcome of envenomings.

There are several exceptions to this predominant clinical picture of viperid
envenomings. Bites by South American rattlesnakes classified within the species
Crotalus durissus, as well as by other species of rattlesnakes distributed in North
America, such as the Mojave rattlesnake C. scutulatus, induce envenomings char-
acterized by the absence of local tissue damage, and instead by neurotoxic manifes-
tations resulting in respiratory paralysis. In addition, these venoms provoke systemic
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Fig. 1 Representatives of venomous snake species in Latin America. (a) Bothrops atrox (family
Viperidae), responsible for a large number of snakebites in South America. It induces drastic local
and systemic effects associated with tissue necrosis (see Fig. 2) and systemic bleeding and
hemodynamic disturbances. Specimen from Brazil (Photo by Giuseppe Puorto). (b) Bothrops
alternatus (family Viperidae), distributed in the southern parts of South America. Specimen from
Brazil (Photo by Giuseppe Puorto). (¢) Crotalus simus (family Viperidae), a rattlesnake distributed
in Mexico and Central America. Envenomings provoked by adult specimens are characterized by
local tissue damage, coagulopathy, systemic hemorrhage, and cardiovascular alterations, although
venoms of adult specimens of the subspecies C. s. simus from Mexico and of neonate specimens of
C. s. simus from Central America induce neurotoxic effects. Specimen from Mexico (Photo by
Edgar Neri Castro). (d) Crotalus durissus terrificus (family Viperidae), the medically most impor-
tant rattlesnake in South America, which induces severe envenomings associated with neurotoxic-
ity, myotoxicity, and acute kidney injury. Specimen from Brazil (Photo by Giuseppe Puorto). (e)
Micrurus diastema (family Elapidae), a coral snake distributed in Mexico and northern Central
America, which provokes neurotoxic envenomings. Specimen from Mexico (Photo by Edgar Neri
Castro)
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Fig. 2 Local tissue pathology characteristic of envenomings by Bothrops sp. snakes. This 12-year-
old boy was bitten by a specimen of Bothrops atrox (upper photograph) in a rural area of Peru.
Severe local tissue damage developed, and the necrotic arm was amputated. The delay in medical
attention of snakebitten people in many rural regions of Latin America results in complications
which might lead to permanent sequelae, like in this case. Deployment of antivenom to rural health
posts and proper use of this immunotherapeutic agent by trained health staff should be strengthened
in the region. Photos by David A. Warrell (Reprinted from Gutiérrez et al. (2010a) Toxicon 56:
1223-1235, with permission from Elsevier)

myotoxicity, i.e., thabdomyolysis, and coagulopathy (Warrell 2004; Azevedo-
Marques et al. 2009). On the other hand, envenomings by Bothrops lanceolatus
and B. caribbaeus, endemic species in the Lesser Caribbean islands of Martinique
and Saint Lucia, respectively, are characterized, in addition to local tissue pathology,
by severe thrombotic effects, often resulting in myocardial or cerebral infarctions
(Thomas and Tyburn 1996). Patients suffering envenomings by bushmasters
(Lachesis sp.) develop, in addition to local tissue damage and systemic hemorrhage,
coagulopathy and cardiovascular shock, a unique syndrome characterized by brady-
cardia, hypotension, abdominal colic, diarrhea, sweating, and vomiting of possible
autonomic or autopharmacological origin (Warrell 2004).

Envenomings by Species of the Family Elapidae

Envenomings by coral snakes (genus Micrurus) are scarce (approximately 1% of the
cases in Latin America). These envenomings are characterized by the absence of
local effects, except for pain, and by a predominant neurotoxic picture secondary to
neuromuscular blockade induced by neurotoxins present in these venoms. Thus,
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signs and symptoms include palpebral ptosis, diplopia, ophthalmoplegia, dysarthria,
and, eventually, respiratory paralysis (Warrell 2004; da Silva and Bucaretchi 2009).
However, few clinical reports suggest that some coral snake venoms might induce
additional effects, including myotoxicity and mild clotting disturbances, which
might complicate the differential diagnosis in snakebite cases. Bites by the only
species of the subfamily Hydrophiinae distributed in the Americas, the yellow-
bellied sea snake Pelamis platurus, are very infrequent, and antivenoms against its
venom are not produced in the region. On the basis of clinical observations
performed in bites by other sea snakes, it would be expected that envenomings by
P, platurus would be characterized by neurotoxicity and myotoxicity.

Bites by Species of the Family Colubridae (sensu lato)

Colubrid snakes are diverse and abundant in Latin America and induce bites in
humans. In South America, cases inflicted by species of the genus Philodryas have
been reported to induce mostly local effects, i.e., bruising, edema, and pain, with a
low frequency of systemic manifestations. Predominantly local effects have been
also described after bites by species of other genera (Prado-Franceschi and Hyslop
2002). Regardless of the low severity usually associated with colubrid bites, care
should be taken since there is growing evidence on the biochemical and pharmaco-
logical complexity and toxicity of colubrid venoms.

Snake Venoms: Unveiling their Biochemical and Pharmacological
Complexity

Since the first decades of the twentieth century, a large body of knowledge on the
composition and toxicological profile of snake venoms has developed in Latin
America. Many venom components have been isolated and characterized, and the
last decade has witnessed the application of proteomic tools in the study of venoms,
a field known as “venomics” (Calvete 2011). Proteomic analysis of viperid venoms
in the region has unveiled the great complexity of these toxic secretions (Gutiérrez
et al. 2009a; Calvete 2011). Viperid venoms are comprised by many different
proteins, grouped in a relatively limited number of families. Predominant compo-
nents are zinc-dependent metalloproteinases (SVMPs), phospholipases A, (PLAs),
and serine proteinases, followed by other types of proteins which are present in
lower amounts, such as C-type lectin-like proteins, disintegrins, cysteine-rich secre-
tory proteins (CRISPs), L-amino acid oxidases, and a number of vasoactive peptides,
among others (Alape-Giron et al. 2008; Calvete 2011) (Fig. 3). P-IIl SVMPs play a
key role in local and systemic pathology and pathophysiology associated with
hemorrhage, coagulopathy, and cardiovascular disturbances (Gutiérrez et al.
2010b). PLA,s and PLA, homologues are responsible for the local myonecrosis
characteristic of these envenomings, as well as for inflammation and pain
(Gutiérrez and Lomonte 2009; Teixeira et al. 2009). In the case of the venoms of



2 Snakebite Envenoming in Latin America and the Caribbean 61

Fig. 3 Relative occurrence of a Dis
components from different
protein families in the venoms
of the viperid snakes Bothrops
asper from Costa Rica (a),
Crotalus durissus terrificus
from Brazil (b), and of the
elapid snake Micrurus
corallinus from Brazil (c).
The proteomic analyses of
these venoms were described
in detail by Alape-Girén et al.
(2008), Calvete et al. (2010),
and Corréa-Neto et al. (2011),
respectively. PLA,
phospholipases A,, SVMP
snake venom
metalloproteinases, SP serine
proteinases, LAO L-amino
acid oxidases, Dis
disintegrins, CRISP cysteine-
rich secretory proteins, CTL
C-type lectin-like proteins,
VAP vasoactive peptides, 3FT
neurotoxins of the three-finger
family

some rattlesnakes, such as the South American species Crotalus durissus, a PLA,
heterodimer, known as “crotoxin,” induces neurotoxic and myotoxic effects and is
responsible for the predominant alterations characteristic of envenomings by this
species (Bon 1997; Gopalakrishnakone et al. 1984) (Fig. 3). Serine proteinases
induce clotting disturbances, especially enzymes exerting a “thrombin-like”effect,
and also contribute to hemodynamic alterations (Serrano and Maroun 2005). In
addition, some C-type lectin-like proteins induce thrombocytopenia (Rucavado
et al. 2001), and there are other venom components exerting deleterious actions
in viperid envenomings. In the case of Micrurus sp. venoms, proteomic analyses
have identified predominantly low molecular mass neurotoxins of the three-finger
family, together with abundant PLA,s which contribute to the pathophysiology of
envenoming (Corréa-Neto et al. 2011) (Fig. 3). Short-chain neurotoxins bind to the
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cholinergic receptor at the motor end plate in muscle fibers and induce neuromus-
cular blockade, whereas PLA,s induce myotoxicity and, in some cases, neurotoxic-
ity. The venom of Pelamis platurus, the only sea snake in the Americas, contains a
postsynaptically acting neurotoxin of the three-finger family (Tu et al. 1975). In
resemblance to other sea snakes, it is likely that the venom of P. platurus also
presents myotoxic PLA,s.

Proteomic and pharmacological analysis has shown evidence of a conspicuous
pattern of inter- and intraspecies venom variability. The venoms of some species
having a wide geographical distribution range, such as Bothrops atrox and species of
Crotalus sp., are characterized by conspicuous intraspecies variation (Alape-Giron
et al. 2008; Calvete et al. 2010; Calvete 2011). In addition, a complex pattern of
ontogenetic venom variation has been also described for various species, such as
Crotalus simus (Saravia et al. 2002; Calvete et al. 2010), Bothrops asper (Alape-
Gir6n et al. 2008), Bothrops jararaca (Zelanis et al. 2011), and Lachesis stenophrys
(Madrigal et al. 2012). Some venoms present a “paedomorphic” pattern in which the
characteristics of the venoms of neonate specimens are maintained in the adults (this
is the case of Crotalus durissus in South America), whereas other species are
characterized by an “ontogenetic” pattern of venom development in which promi-
nent changes occur during the maturation of individuals to become adults, as occurs
in the venom of Crotalus simus from Central America (Calvete et al. 2010). The
large variability in venom composition should be considered when designing venom
mixtures for immunization of animals for antivenom production, as to ensure that
representative venom pools are prepared (Gutiérrez et al. 2009a).

Antivenoms in Latin America: Production and Quality Control

The parenteral administration of antivenoms constitutes the only scientifically val-
idated therapy for snakebite envenoming on a worldwide basis (WHO 2010; Gutiér-
rez et al. 2011). Vital Brazil and coworkers were the pioneers in the production of
these immunobiologicals in Latin America by generating bothropic and crotalid
antivenoms at Instituto Butantan in the first decade of the twentieth century. Further
developments in the region have resulted in a conglomerate of antivenom manufac-
turers, both in the public and private realms, in Argentina, Uruguay, Brazil, Peru,
Ecuador, Bolivia, Colombia, Venezuela, Costa Rica, and Mexico (Gutiérrez et al.
2007). Detailed information on manufacturers, types of products, and species cov-
erage are included in the WHO webpage devoted to antivenoms (http://apps.who.int/
bloodproducts/snakeantivenoms/database/).

The majority of antivenoms produced in the region are polyspecific, i.e., they are
generated by immunizing animals (mostly horses) with mixtures of venoms from
two or more snake species. In some cases, monospecific antivenoms are produced by
immunizing animals with a venom pool from only one snake species (Gutiérrez et al.
2011). Various polyspecific venoms are produced against venoms of Bothrops
sp. For instance, in Brazil, a bothropic antivenom of wide distribution and use is
prepared by immunizing horses with a mixture of the venoms of Bothrops jararaca,
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B. jararacussu, B. moojeni, B. neuwiedi, and B. alternatus. In Central America and
in Mexico, polyspecific antivenoms are prepared by immunization with a mixture of
venoms of Bothrops sp. and Crotalus sp. and in some cases including Lachesis
sp. venoms. In addition, monospecific crotalic antivenoms are manufactured in
South America, to treat envenomings by the rattlesnake Crotalus durissus. More-
over, various laboratories in Brazil, Colombia, Costa Rica, and Mexico manufacture
either monospecific or polyspecific antivenoms for the treatment of envenomings by
coral snakes (Micrurus sp.). In addition to these antivenoms manufactured in the
region, Sanofi Pasteur produces a monospecific anti-Bothrops lanceolatus anti-
venom which is used in Martinique for the treatment of envenomings by this
endemic species (Thomas and Tyburn 1996).

Antivenoms manufactured in Latin America are of two basic types, depending on
the nature of the active neutralizing substance. Some laboratories generate anti-
venoms composed of whole I,G molecules. These are produced either by salting-out
procedures using various concentrations of ammonium sulfate or, alternatively, by
caprylic acid precipitation of non-I,G plasma proteins (Rojas et al. 1994; WHO
2010; Gutiérrez et al. 2011). Other laboratories produce antivenoms made of F(ab’),
antibody fragments, generated by pepsin digestion of plasma proteins, followed by
ammonium sulfate precipitation of antibody fragments; in few cases, ion-exchange
chromatography is used to further purify the active substance(WHO 2010; Gutiérrez
et al. 2011). The WHO has issued guidelines for the production, regulation, and
control of antivenom, which constitutes a highly useful document for manufacturers
and regulators (WHO 2010). After fractionation of hyperimmune plasma with the
methods described, antivenoms are formulated and standardized as to have a specific
neutralizing potency against the venoms for which they are produced. The vast
majority of antivenom manufacturers use horses for immunization, although don-
keys and llamas are used in La Paz, Bolivia (Gutiérrez et al. 2007).

Some countries produce the volume of antivenom required to fulfill the national
needs, such as the case of Mexico, Costa Rica, Brazil, and Argentina. On the other
hand, Colombia, Venezuela, Peru, Bolivia, and Ecuador have laboratories that
generate a volume of antivenom which covers the national demand only to a partial
extent, thus having to rely on producers from other countries to fill their national
needs. In the cases of countries which do not have antivenom-producing laborato-
ries, their requirements for this product are fulfilled by importing antivenoms from
other countries in the region. Antivenom requirements for the Martinique are
covered by a French manufacturer.

The quality control of antivenoms is performed both by manufacturer laboratories
and regulatory bodies in the ministries of health. They involve a set of biological,
chemical, and physical tests, such as neutralizing potency tests in mice, pyrogen test,
sterility test, determination of the concentration of protein, preservatives, sodium
chloride, excipients of various sorts, and pH, together with tests for turbidity and
visual inspection of the product. A complete description of the methodologies for the
quality control of antivenoms is provided in the WHO guidelines (WHO 2010). The
quality control of locally produced or imported antivenoms is weak in the ministries
of health of some countries in Latin America; therefore, it is necessary to promote
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regional programs and workshops aimed at improving the regional capacity to
ensure the efficacy and safety of antivenoms being produced or imported in every

country.

The Preclinical Assessment of Antivenom Efficacy

Owing to the large variation in the composition of snake venoms, both within and
between species, the assessment of the efficacy of antivenoms to neutralize medi-
cally relevant snake venoms is highly relevant to ensure that antivenoms to be used
in a specific setting are indeed effective. In general, preclinical testing of antivenoms
involves the incubation of a “challenge dose” of venom with various dilutions of the
antivenom, following by assessing the toxicity of the mixtures in standard laboratory
tests. The single most important test to confirm antivenom efficacy is the neutrali-
zation of lethality using mice (WHO 2010; Gutiérrez et al. 2013). However, due to
the complexity of the pathophysiological manifestations induced by viperid snake
venoms, it has been proposed that a more comprehensive evaluation of preclinical
efficacy should include the neutralization of additional effects, such as hemorrhagic,
myotoxic, coagulant, and defibrinogenating activities (WHO 2010; Gutiérrez et al.
2013). In the case of coral snake (Micrurus sp.) venoms, the neutralization of
lethality properly evaluates the most relevant toxic effect, i.e., neuromuscular
paralysis.

Many studies have been performed in Latin America to assess the preclinical
efficacy of antivenoms produced in various countries (see, e.g., de Roodt et al. 1998;
Bogarin et al. 2000; Camey et al. 2002). Recently, a large collaborative regional
project evaluated several antivenoms against the venoms of the medically most
important Bothrops species in the region (Segura et al. 2010). In general, these
studies have shown a notorious cross-neutralization by antivenoms against heterol-
ogous viperid snake venoms, thus supporting the use of some antivenoms in
countries different from where they are produced, facilitating regional cooperation
in antivenom distribution. On the other hand, there are cases where antivenoms are
not effective against venoms from different geographical settings. For example,
crotalic antivenoms manufactured in Central America do not neutralize lethality of
Crotalus sp. venoms from South America, and antivenoms prepared against
C. durissus from South America are not effective in the neutralization of hemor-
rhagic activity of C. simus from Central America (Saravia et al. 2002). Such
observations are explained by the different venom composition, since C. durissus
is rich in the neurotoxic PLA, complex crotoxin, which is largely absent in the
venoms of adult specimens of C. simus. On the other hand, the latter contains
hemorrhagic metalloproteinases, which are absent in South American C. durissus
(Calvete et al. 2010). Likewise, bothropic antivenoms are not effective in the
neutralization of coagulant and defibrinogenating effects induced by Lachesis
sp. venoms (Colombini et al. 2001). Moreover, there is limited cross-reactivity
between species in the case of antivenoms against Micrurus sp. venoms.
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Evaluation of Antivenom Efficacy and Safety at the Clinical Level

After the demonstration of efficacy at the preclinical level, the introduction of a new
antivenom for clinical use in a particular geographical setting should be preceded by
appropriate clinical assessment of its efficacy and safety, as established by the WHO
(2010). In many instances in Latin America, clinical evidence in support of the use of
some antivenoms derives from nonsystematic observations of many years on the
efficacy and safety of antivenoms. In the last decades, however, efforts have been
implemented to perform controlled, randomized clinical trials (see, e.g., Cardoso
et al. 1993; Otero et al. 1999; Otero-Patifio et al. 1998). The efficacy of antivenoms
manufactured in Brazil, Colombia, Ecuador, México, and Costa Rica has been
demonstrated, and novel findings concerning antivenom safety have been made.
For instance, it has been shown that ammonium sulfate-fractionated whole 1,G
antivenoms induce a higher incidence of early adverse reactions than caprylic
acid-fractionated whole I,G antivenoms (Otero-Patifio et al. 1998; Otero et al.
1999). Likewise, some of these studies demonstrated that the incidence of early
adverse reactions is similar in whole I,G antivenoms manufactured by caprylic acid
precipitation of plasma and in F(ab’), antivenoms prepared by pepsin digestion and
ammonium sulfate fractionation (Otero-Patifio et al. 1998). It is necessary to further
explore the clinical profile of safety and efficacy of antivenoms produced in Latin
America through international cooperative projects, on the basis of the expertise
developed in some countries in the region. Moreover, it is important to assess
specific aspects of the therapy of snakebite envenomings, such as the time required,
after administration of the antivenom, to correct the main clinical manifestations of
envenoming, i.e., bleeding and coagulopathies in the case of viperid snakebite
envenomings (Cardoso et al. 1993; Otero et al. 1999).

Beyond Science and Technology: The Issue of Antivenom
Distribution

Even if antivenom production in Latin America is improved, with the consequent
increment in the volume of antivenom available for public health systems, and with the
generation of products if high efficacy and safety, this does not ensure that antivenoms
will be accessible to people suffering snakebite envenomings. Additional factors
within the public health realm determine whether these products are available and
accessible to the people that need them. Some factors relevant for the distribution of
antivenoms, and which should be considered by health authorities, are the following:

1. The distribution of antivenoms should be based on a meticulous knowledge of the
epidemiology of envenomings. A proper understanding on the incidence of these
accidents in different regions, and the species of snakes responsible for the
accidents, is necessary to estimate the number of antivenom doses that need to
be deployed to various regions in a country. Unfortunately, such information is
scarce in many countries; moreover, even when the information is available, the
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decisions on antivenom distribution are not necessarily based on these data. It is
therefore necessary to improve the epidemiological records of snakebite
envenomings in the region and to ensure that this information is properly used
for the design of antivenom distribution policies. The use of novel tools, such as
geographical information system (GIS) methods, should contribute to a better
understanding of vulnerable areas that demand attention regarding antivenom
accessibility (Leynaud and Reati 2009; Hansson et al. 2013). Likewise, distribu-
tion systems must ensure that antivenoms will be allocated to the rural health
posts where the majority of snakebites occur.

2. The policies and procedures for antivenom acquisition by public health authorities
are often cumbersome, bureaucratic, and slow, thus precluding a rapid response to
cope with antivenom needs. Novel schemes for the purchase of antivenoms should
be devised to ensure that the required volumes of effective antivenoms are
available. Advocacy should be promoted to ensure that governments will allocate
the necessary resources for the purchase of the needed volume of antivenom to
avoid shortages of this precious drug in some regions or some times of the year.
Moreover, it is necessary to keep the antivenom prices at a level that guarantees the
acquisition of the required volumes to cover the needs of the various countries.

3. The maintenance of a functional “cold chain” has to be guaranteed to ensure that
liquid antivenoms, which should be kept at 2—8 °C (Gutiérrez et al. 2009b; WHO
2010), are properly transported and stored. This issue is of concern in many
regions of Latin America, where power supply often fails and where conditions to
keep the cold chain are not always present. Investment in the cold chain system
should be promoted, together with the use of cold chain channels already
developed for vaccines in the region. In addition, the staff in charge of antivenom
transportation and storage should be trained in the basic aspects of the cold chain.
Several antivenoms manufactured in Latin America are freeze-dried, thus
avoiding the need of a cold chain (Gutiérrez et al. 2009b); however, the majority
of the products available in the region are liquid antivenoms. There have been
efforts to increase the thermal stability of liquid antivenoms, for example, by
using excipients such as sorbitol (Segura et al. 2009). Technological development
projects in this subject should be promoted.

4. The lack of health centers in many rural regions of Latin America where snake-
bites are frequent represents a serious drawback in the efforts to reduce the impact
of this pathology. The deficient investment, over several decades, in public health
systems in many countries, has had serious implications for an effective attention
of health problems. This structural constraint demands renewed political efforts at
many levels, from the central government to local community organizations and
health advocacy groups of various sorts.

How to Ensure the Adequate Use of Antivenoms
Even if antivenoms are available and accessible at the health posts where most

snakebites occur in Latin America, there is a need to guarantee that the health
personnel in charge of attending snakebite victims is well trained in the diagnosis
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of envenomings and in the proper treatment of this pathology, including the use of
antivenoms (correct dose, management of adverse reactions, need of an additional
dose, etc.) and the ancillary treatment of snakebite envenomings. This task includes
the coverage of this subject in the programs of study of medicine and nursing in
universities. Moreover, continuous education programs for health personnel, espe-
cially in rural areas, should be designed and implemented. These activities should
come together with the publication and distribution of national and regional guide-
lines for the diagnosis and management of envenomings, such as the ones that have
been prepared in Brazil, Costa Rica, Panama, Argentina, Venezuela, and Paraguay,
among other countries (Gutiérrez 2011 and references therein). It is also necessary to
develop novel methodologies, taking advantage of the possibilities offered by
communication and information technologies, aimed at extending the scope of
training programs for health personnel in the region.

People Suffering from Sequelae: A Poorly Attended Aspect
of Snakebite Envenoming

Viperid snakebites in Latin America are often characterized by prominent tissue
damage at the site of venom injection, i.e., necrosis, blistering, and hemorrhage
(Gutiérrez and Lomonte 2009). Antivenom is only partially effective in the neutral-
ization of these effects, since they develop very rapidly, thus generating significant
tissue damage before antivenom is administered. As a consequence, people suffering
from severe viperid bites often end up with permanent tissue damage, which have a
notorious impact in their quality of life. Since the majority of affected people are
agricultural young workers or children, these sequelac have evident deleterious
effects from the economic and social standpoints. Moreover, it is very likely that
people suffering from snakebite envenomings in Latin America develop psycholog-
ical sequelae, as has been described in Sri Lanka (Williams et al. 2011). In the vast
majority of cases, there is no follow-up of snakebitten patients after they leave
hospitals and other health facilities, and, consequently, there is a lack of attention
to the sequelae that affect them. This demands renewed efforts to understand the
magnitude of this aspect of the problem and to establish intervention programs
aimed at providing these people with resources to confront the long-term conse-
quences of envenomings.

Prevention of Snakebites and Improvement of the Early Attention
of Victims

Public campaigns aimed at the prevention of snakebites constitute a key component
of the regional strategy to reduce the impact of this health problem. Such campaigns
should involve diverse stakeholders, including health authorities, community groups
of various sorts (health advocacy associations, art groups, youth groups, teachers,
etc.), and other actors. The participation of local authorities and community organi-
zations is required to ensure that the campaigns will be designed and performed on
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the basis of local cultural, social, economic, and political contexts. Since the large
majority of snakebites occur in the feet and hands, preventive measures such as
wearing shoes while doing agricultural duties, and using a stick to avoid hand
exposure, can reduce the incidence of snakebites. Information campaigns on snake-
bite prevention in primary and high schools in rural areas, as well as in agricultural
associations and other groups at risk, need to be reinforced. Particular attention has
to be given to vulnerable groups often excluded from the provision of health
services, such as indigenous communities and remote rural localities. In this regard,
the involvement of both public and private sector organizations, in addition to
governmental agencies, is necessary through diverse innovative and cooperative
programs.

A key aspect for the reduction of the impact of these envenomings is the
appropriate early attention to snakebite victims. Once a person has suffered a
snakebite, he or she should be immediately transported to the nearest health post
to receive antivenom and other aspects of medical care. Thus, communities should
be organized in such a way that people receive rapid attention after a snakebite; this
involves implementing transport systems, which have to be designed on the basis of
the local contexts. In some cases, this can be achieved by ambulance transportation,
whereas in others by the use of private cars, motorcycles, boats, or other means. In
this regard, a common problem in the region is the implementation of actions at the
local level which might worsen the cases, such as the use of harmful first aid
interventions (application of tourniquets or ligatures, incisions, administration of
toxic substances, etc.). Besides their direct deleterious effects, these interventions
result in a delay in the transportation of the patient to health facilities. It is necessary
to develop campaigns to promote a dialogue between health staff and people
working in traditional medicine, with the aim of reducing the use of harmful
practices and promoting the rapid deployment of patients to health facilities. A
successful project, supported by the Pan American Health Organization (PAHO),
was developed in Nicaragua, in which traditional healers and staff from the Ministry
of Health established a fruitful dialogue and agreed on policies of intervention for the
benefit of people affected by snakebites (Luz Marina Lozano, personal
communication).

Conclusions and Future Directions

Snakebite envenoming represents a serious public health problem in Latin America
and in few Caribbean islands. The majority of cases are inflicted by species of the
family Viperidae, which provoke envenomings characterized by local and systemic
pathological alterations that may provoke lethality or permanent tissue damage and
psychological sequelae. A large body of knowledge has been built in the region on
the biochemical and pharmacological characteristics of snake venoms, as well as on
the clinical manifestations of envenomings. Toxinological research, both basic and
clinical, should be fostered in the region. There are antivenom manufacturing
laboratories in many Latin American countries. Regional cooperative networks are
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necessary to improve the regional production and quality control of antivenoms, in
order to guarantee the availability of safe and effective products throughout Latin
America. Despite important advances in confronting this problem, there are still
vulnerable regions where the provision of health services and the proper medical
attention of snakebitten patients, including the administration of antivenoms, are
deficient. Likewise, there is a need to improve the epidemiological information on
snakebites in order to design knowledge-based policies of antivenom distribution,
training of health personnel, and deployment of medical services. The medical
management of cases has to be also improved through the provision of health
services to the population, the training of health staff in the diagnosis and treatment
of snakebite envenomings, and the access to safe and effective antivenoms. The
social, psychological, and economic consequences of snakebite envenomings are
largely unknown, and therefore, renewed efforts should be implemented to gain a
better understanding of these aspects of the problem. Finally, people suffering from
permanent sequelae, both physical and psychological, as a consequence of
envenomings should receive proper attention, and preventive campaigns have to
be implemented and strengthened, with the involvement of diverse participants,
including local community organizations. All these pending tasks demand the
development of integrated multisectorial strategies at the national and regional
levels, with the long-term goal of reducing the impact of this neglected pathology
in the region.
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Abstract

Although important efforts were carried out during the past decades in Brazil to
understand and control snakebite envenomings, important gaps remain for the
fulfillment of these goals, particularly in the Amazon region. Bothrops atrox is
the most important venomous snake in the Brazilian Amazon, causing 80-90% of
the snake envenomings in the region. In the Brazilian Amazon, Bothrops
envenoming shows pain, swelling, regional lymphadenopathy, ecchymosis, blis-
tering, and necrosis as the most common local clinical manifestations. Secondary
bacterial infections were observed in around 40% of the Bothrops snakebites.
Spontaneous systemic bleeding and acute renal failure are common systemic
complications after Bothrops envenomings. It is difficult for riverine and indige-
nous populations to reach health centers for treatment of snakebites. As a result, the
number of cases detected officially is probably underestimated. Current antivenoms
(AVs) require conservation in adequate facilities, which are not always available in
remote settings. In addition, training of multidisciplinary teams is not always
appropriate for indigenous health services regarding AV administration, side effect
management, and case monitoring and surveillance. Although clinical research
related to venomous animal injuries has increased, most publications are based
on case reports and lack methodological rigor. Moreover, outcome definitions, such
as severity ranking criteria, were empirically established, making the results even
less generalizable. Clinical research from hospital-based studies and community
observational studies are needed. In addition to all the above recommendations, the
importance of international cooperative efforts toward the control of these
neglected health problems through international partnerships, namely, with other
Amazonian countries, is highlighted.

Introduction

Snakebites impose a high burden worldwide and result in considerable social and
economic impact. It is estimated that snakebite rates are as high as over 1.8 million
cases per year, with associated deaths reaching more than 90,000 cases annually.
However, snakebites are a neglected condition with no associated World Health
Organization (WHO) programs for control and prevention. Countries most affected
by snakebites are those located in the tropical zone with areas of high rates of field
use for agriculture where the main affected populations are adult men working in
agricultural activities. In Brazil, the Ministry of Health implemented the National
Program for Snakebites Control in 1986, extended to other poisonous animals in
1988. Since then, antivenom (AV) production has been standardized, and all the AV
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production from the three national laboratories (Instituto Butantan, Fundagio
Ezequiel Dias, and Instituto Vital Brazil) has been acquired by the Ministry of
Health for free-of-charge distribution to patients. Five types of snake AVs are
currently available in Brazil: Bothrops AV (main one), Crotalus AV, Bothrops-
Crotalus AV, Bothrops-Lachesis AV, and Micrurus AV.

The Amazon rainforest covers several countries such as Bolivia, Peru, Ecuador,
Colombia, Venezuela, Guyana, Suriname, and French Guiana. Studies conducted in
these countries linking snakebites cases with species distribution have described similar
epidemiological features. In the Brazilian Amazon, snakebites appear among the most
important envenomations with the higher incidence (52.6/100,000 inhabitants). In
2013, the Brazilian Ministry of Health reported about 27,181 cases of snakebites
(Satde 2014). In the northern state of Roraima, eastern Para, and Amapa, incidences
higher than 100 cases per 100,000 inhabitants have been showed (Fig. 1). Bothrops
atrox is largely responsible for bites in this region, with more than 80% of the reported
cases, while Lachesis, Crotalus, and Micrurus species are secondary agents of
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Fig. 1 Spatial distribution of snakebites in the Brazilian Amazon. Map were created using
incidence per 100,000 inhabitants. Snakebites are largely distributed in the Amazonian states, with
several counties presenting incidences higher than 100 cases per 100,000 inhabitants, especially in
northern Roraima, eastern Pard, and Amapa and in unevenly distributed municipalities across all
states
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envenomings (Feitosa et al. 2015). Spatial distribution of snakes is strongly influenced
by Amazon ecosystem diversity. Surveys on species distribution and frequency, eco-
logical structure, and other particular features about those venomous species must be
carried out in order to improve health services (Fan et al. 2015). Incidence increase has
been suggested to be associated with the rainy season. Since water volume is large,
snakes use to seek for drier shelters, generally closer to human settlements in rural
areas. In addition, urban sprawl along with deforestation causes major influence on the
natural habitat of these animals, exerting pressure for animal migration and conse-
quently leading to accidental snakebites (Bernarde and Gomes 2012).

A few studies concerning this issue are available in the Amazon region; never-
theless, such results indicate the following profile of the affected population: victims
of snakebite are predominantly men, in working age, rural residents, riverine and
indigenous, linking a major cause as occupational hazard for many of these work in
agriculture, hunting, and forest activities, as in the case of rubber tappers (Feitosa
et al. 2015). A study conducted with indigenous and riverine populations showed
that 13% of them had experienced snakebite during their lifetime (Pierini et al.
1996). Severity has been mostly classified from mild to moderate cases, although
severe cases had been reported in around 8% of the cases (Feitosa et al. 2015). The
most affected parts of the body are usually the lower limbs (Feitosa et al. 2015;
Pierini et al. 1996). The Amazon region has a reduced coverage of highways and
roads, with much of the human displacement happening through river transportation,
leading to a delay in medical care. Time increasing to more than 6 h to care has been
associated with undesirable outcomes such as severity and mortality. Other risk
factors associated with poor outcomes are older age and bites related to work
activities (Feitosa et al. 2015).

Injury outcomes are sometimes used to be influenced by cultural behaviors.
Riverine, indigenous, and rural people often use such devices as tourniquet and
even chemicals such as alcohol (ingested and applied to the bite) attempting to
reduce the venom effects. Herbal extracts are also largely used in snakebite episodes,
especially where AVs are scarce or not available. Puncture and suction of the injury
in an attempt to remove the venom, although not recommended, are common
practices among patients. Although AV availability is recommended for high-
incidence areas, there are some drawbacks regarding this issue. The lack of
healthcare facilities in remote rural areas impairs the access to AV because it requires
low temperatures for conservation in addition to skilled health professionals. Such
difficulties, besides those already mentioned, lead people to seek alternative
therapies.

Bothrops Envenomings in the Brazilian Amazon

Bothrops Snakes in the Brazilian Amazon

In the Brazilian Amazon region and surrounding cerrado areas, there are 12 species
of pit vipers, belonging to the Bothrops and Bothrocophias genera. Five of them
(Bothrops lutzi, B. marmoratus, B. mattogrossensis, B. moojeni, and B. pauloensis)
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are present only in cerrado areas, while the others are characteristic of the Amazon
rainforest environments (Bothrops atrox, B. bilineatus, B. brazili, B. marajoensis,
B. taeniatus, Bothrocophias hyoprora, and B. microphthalmus). Bothrops atrox also
occurs in deforested areas (pastures and crops) and in urban environments (Bernarde
2014).

Bothrops atrox is the most important venomous snake in the Brazilian Amazon,
causing 80-90% of the snake envenomings in the region (Fan et al. 2015). This
species is widely distributed in the Amazon and is the most abundant venomous
snake in this region. The size of adult specimens ranges from 1 to 1.5 m, with a
record of up to 1.72 m. This species is present both in forested areas as well as in
disturbed areas, such as pastures, crops, and urban areas. Bothrops atrox is active
especially during the night, when adults often occur on the ground for expected
hunting, while juveniles hunt on vegetation (up to 1.5 m height). Regarding food,
this snake is generalist, feeding on centipedes, fishes, amphibians, lizards, other
snakes, rodents, marsupials, and birds. Juveniles prefer to prey on ectothermic
animals (frogs, lizards, and centipedes), and adults prefer to prey on endothermic
animals, namely, rodents. As a viviparous species, this snake may give birth
between 11 and 43 offsprings of 28-35 cm, found between December and
February (Martins and Oliveira 1998). This snake is commonly known by different
common names according to the area (jararaca, surucucu, surucucu-do-barranco,
boca-podre, and comboia). However, there is a possible confounding factor in
snake identification by the local population since both Bothrops atrox and Lachesis
muta receive the same popular name “surucucu” in certain Amazonian areas (Fan
et al. 2015).

Popularly known as green pit viper or parrot’s beak jararaca, Bothrops
bilineatus stands out for being relatively abundant in some regions and to present
arboreal habits, which contributes to their bite that reaches the upper regions of the
body of the victim. Two subspecies of the green pit viper are present in the
Amazon: B. b. bilineatus is present in the states of Amazonas, Roraima, Amapa,
Par4, south of Rondo6nia, and northern Mato Grosso; B. b. smaragdinus occurs in
the states of Acre, Amazonas (Purus River basin), and Rondonia (northern state)
(Bernarde et al. 2011a). Adult specimens are between 70 cm and 1 m and, same as
the juveniles, have arboreal habits. This snake inhabits primary and secondary
forests, especially near water courses, and is less common in anthropogenic
environments (Bernarde 2014). Their prey consists mainly of rodents, amphibians,
birds, snakes, and lizards. It is viviparous like Bothrops species, giving birth
between 6 and 16 offsprings.

Bothrops brazili, the red pit viper, and B. faeniatus, the gray pit viper, occur less
frequently in the Amazonian biome. Bothrocophias pit vipers are little frequent and
have few records in the Brazilian Amazon. Bothrocophias hyoprora, the big-nose pit
viper, has few records from the states of Acre, Amazonas, Rondonia, Mato Grosso,
and Para (Bernarde et al. 2011b), and B. microphthalmus has a single record for
Brazil in the state of Rondonia (Bernarde 2012).

Main Bothrops species involved in biting humans in the Brazilian Amazon are
shown in Fig. 2.
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Fig. 2 Main Bothrops species involved in biting humans in the Brazilian Amazon (a—f).
Bothrops atrox (a and b) is implicated in most of the human snakebites registered in the Brazilian
Amazon region (80-90 %). The species Bothrops bilineatus (c), Bothrops brazili (d), Bothrops
taeniatus (e), and Bothrocophias hyoprora (f) present secondary medical importance in the region

Toxinology

Despite the wide geographic distribution in the Amazon, B. atrox venoms share the
same family of toxins, such as PIII and PI snake venom metalloproteinase, phos-
pholipase A2, serine proteinase, cysteine-rich secretory protein, L-amino acid oxi-
dase, and C-type lectin-like (Calvete et al. 2011; Lopez-Lozano et al. 2002). A
bradykinin-potentiating peptide from B. afrox venom was also identified (Coutinho-
Neto et al. 2013). The variability in venom composition of B. atrox from different
geographical origins is mostly related to the expression level of each family of toxins
than to the presence or absence of major families of toxins (Calvete et al. 2011;
Lopez-Lozano et al. 2002). B. atrox venoms from Colombia and Venezuela show an
ontogenetic toxin profile, with PI metalloproteinases and phospholipases
representing the most abundant toxins (Calvete et al. 2011). Venoms from Brazil,
Ecuador, and Peru show a pedomorphic phenotype, with PIII metalloproteinases
being the most abundant toxins (Nuifiez et al. 2009). Transcriptomic analysis of the
B. atrox venom gland from Brazil indicates a predominance of transcripts encoding
mainly metalloproteinases (Neiva et al. 2009). The biological activities of B. atrox
venom can be correlated with geographical distribution and ontogenetic stage of the
snake (newborn, juvenile, and adult snakes), as has been observed in venoms from
Colombia and Brazil (Loépez-Lozano et al. 2002). One speculates that differences in
the expression level of each family of toxins and biological activities of B. atrox
venom could explain the clinical manifestations observed in victims of bite caused
by this species in different regions of the Amazon (Sousa et al. 2013).

The composition of venom from other Bothrops snakes in the Brazilian Amazon
should be further elucidated. However, some components with coagulant activity
have been described in the venom of B. brazili, B. marajoensis, and B. moojeni
(Assakura et al. 1992).
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Pathophysiology

Bothrops venom is characterized by three main pathophysiological activities:
coagulant, hemorrhagic, and proteolytic or acute inflammatory effects. The coag-
ulating activity of the B. atrox venom results from components of the venom with
thrombin-like activity, which directly hydrolyzes fibrinogen in fibrin and pro-
coagulant activity, which activate factors II and X of the coagulation, resulting in
the formation of endogenous thrombin. Other clotting factors activated by com-
ponents isolated of B. atrox venom are the factors XIII and V (Assakura et al. 1992;
Lopez-Lozano et al. 2002). B. marajoensis and B. hyoprora venoms have coagu-
lant activity on plasma and fibrinogen (Assakura et al. 1992). Components with
thrombin-like activity were isolated from the B. brazili venom. Components that
act on platelets function were also isolated from the B. atrox venom (Freitas-De-
Sousa et al. 2015).

Hemorrhagic activity has been observed in the B. atrox and B. marajoensis
venoms (Assakura et al. 1992; Freitas-De-Sousa et al. 2015; Sousa et al. 2013).
A PI metalloproteinase, called batroxase, isolated from B. atrox venom, has
fibrinolytic and thrombolytic activities and induces weak bleeding through the
digestion of the extracellular matrix components such as laminin, type IV
collagen, and fibronectin (Jacob-Ferreira et al. 2016). The batroxrhagin, isolated
from B. atrox venom, also induces bleeding (Freitas-De-Sousa et al. 2015), as
well as atroxlysin-I, a PI metalloproteinase (Sanchez et al. 2010). Compounds
with thrombolytic activity were found in the B. atrox venom (Jacob-Ferreira
et al. 2016).

The proteolytic or acute inflammatory activity induced by B. atrox venom
causes plasma extravasation; migration of leukocytes; vascular wall lesion,
which results in bleeding; and musculoskeletal disruption (Moreira et al.
2012). Phospholipases A2, namely, BaPLA2I and BaPLAZ2III, which cause
edema and myonecrosis, were isolated from B. atrox venom (Kanashiro et al.
2002). Besides these, a myotoxin isolated from B. atrox venom also induces
edema and myonecrosis (Nufiez et al. 2004). A genotoxic potential has been
observed in B. atrox and B. brazili venoms (Marcussi et al. 2013). Nephro-
toxic compounds were identified in the B. marajoensis venom (Dantas et al.
2015).

In victims of B. atrox, envenoming can be observed with coagulation disorders,
such as hypofibrinogenemia, fibrinolytic system activation, and intravascular
thrombin generation, resulting in blood incoagulability (Otero et al. 1996; Pardal
et al. 2004). A study carried out in Belém, Para State, Brazil, verified that
approximately 10% of the victims have thrombocytopenia (Pardal et al. 2004).
On the other hand, aggregating activity on rabbit’s washed platelet was not
observed in B. atrox venom experimentally (Francischetti et al. 1998). The
platelet function disorders in envenomings caused by B. atrox snake are not
well described. Coagulation disorders, edema, and hemorrhage appear in
envenomings as a result of the biological activities of B. atrox venom (Otero
et al. 1996; Pardal et al. 2004).
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Clinical Aspects

Bothrops envenomings cause local and, in a significant proportion, systemic mani-
festations, depending on the snake involved, characteristics of the victim, and
circumstances of the injury. Snakebite diagnosis in general should consider epide-
miological, clinical, and laboratorial aspects, which, when analyzed together, can
lead clinicians to the probable perpetrating snake genus and to the correct interpre-
tation of severity status and further therapeutic approach. Epidemiological diagnosis
should consider the habitat, habits, and other information leading to snake identifi-
cation as well as time, region of occurrence, and circumstances related to the
accident. Importantly, clinical examination should be initiated by assessing the
affected region to search for bite signs, especially fang marks that can be double
or possibly only when only one prey is introduced. Bothrops snakebite may result in
negligible or no envenoming, even if fang marks are visible (“dry bite”). This issue is
important to be considered at the time of patient’s admission at the hospital to avoid
giving antivenom when specific therapy may not be necessary. This may occur when
a nonvenomous snake is implicated.

Local envenomation ranges from a painless reddened injury to intense pain and
swelling at the site of bite, starting minutes after the event. Bleeding caused by
traumatic injury due to fang introduction may be present. Local manifestations may
increase progressively and may affect the whole limb. Enlargement of the regional
lymph nodes draining the site of bite and bruising can also be observed some hours
after bite, especially if patient delayed in reaching a health service (Pardal et al.
2004; Otero et al. 1996) (Fig. 3). In the first 24 h, blistering and tissue necrosis may
be evident. Cellulitis or abscess occurs mostly in the moderate or severe cases,
generally as a polymicrobial infection. Gram-negative bacteria have been implicated
in secondary bacterial infection, which frequency may vary according to region. In
Manaus, secondary bacterial infections were observed in around 40% of the
Bothrops snakebites (Souza 2002) (Fig. 4). Necrosis of variable extension is more
frequent when tourniquet is applied, associated with initial treatment with traditional
healers, and delayed hospital admission resulting from problems with transportation.
Although uncommon, compartment syndrome is a dangerous complication because
of the potential ischemia, tissue necrosis, and neuropathy. Nonspecific symptoms
such as headache, lethargy, weakness, nausea, and vomiting are often observed
(Pardal et al. 2004; Souza 2002).

Symptoms and signs of systemic envenoming are mainly due to the incoagulable
blood. Hemorrhage from venipunctures, other sites of trauma or healed wounds,
gengivorrhagia, hemoptysis, macrohematuria, and hematemesis are observed in
16-18% of Bothrops snakes (Pardal et al. 2004; Souza 2002). In the Amazon,
cases of hemorrhagic stroke have also been described (Machado et al. 2010). An
important systemic complication of Bothrops snakebites is acute kidney injury
(AKI), which has a great impact on morbidity and mortality. Oliguria or anuria
may develop within the first 24 h of the bite. If patient is not treated, blood pressure
rises within a few days of the onset of oliguria, and signs of uremia (drowsiness,
irritability, vomiting, hiccups, convulsions) develop within 3—7 days after bite. AKI
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Fig. 3 Local manifestations resulting from Bothrops snakebites. (a) Ulceration and local
bleeding of the first finger of right foot with less than 12 h after envenoming. (b) Envenoming
with blisters around the snakebite in the dorsal area of the right foot. (¢) Envenoming on the hand;
this patient arrived 12 h after the bite at the hospital, with swelling and serohemorrhagic blisters on
left upper limb and incoagulable blood. (d) Envenoming in distal finger of the right ring finger with
serohemorrhagic blisters 24 h after the bite. () Envenoming with intense swelling on right foot,
local bleeding, and ecchymosis with purplish coloration on the first and second finger. (f) Severe
snakebite with extensive swelling of the five segments of the left leg (from foot to thigh), less than
20 h after envenoming

was observed in 10.9% of the patients in Manaus (Souza 2002) and in 20.5% of the
cases in Colombia (Otero et al. 1996) (Fig. 5). Ischemia, hemorrhage, and direct
nephrotoxic action of the venom may be implicated in the development of AKI. In
the Brazilian Amazon, severe systemic complications were independently associated
to age <15 years, age >65 years, and time to medical assistance >6 h. Lethality rates
were 0.7% for Bothrops snakebites, associated with age >65 years and time to
medical assistance >6 h (Feitosa et al. 2015). These features of victims of snakebite
demand adequate management according to well-defined protocols, including pro-
mpt referral to tertiary centers when necessary, as well as an effective response from
surveillance systems and policy makers for these vulnerable groups.

The blood is commonly incoagulable in patients with systemic envenoming.
There is a variable hypofibrinogenemia associated with reduction of D-dimer. Levels
of fibrin/fibrinogen degradation products are high. Thrombocytopenia is usual in
severe cases. The total peripheral white blood cell count is usually elevated, and
hematocrit may be increased initially as a result of hemoconcentration but falls
subsequently depending on the occurrence of hemorrhage or liquid infusion. Coag-
ulation tests are valuable in the initial investigation of snakebites, since incoagulable
blood is present in about 50% of Bothrops-bitten patients in the Brazilian Amazon
(Pardal et al. 2004; Souza 2002). In Colombia, incoagulable blood was found in 77%
of Bothrops atrox envenomings (Otero et al. 1996).
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Fig. 4 Local complications resulting from Bothrops snakebites. (a) Envenoming on the left
hand, patient with more than 48 h after the bite, with an extensive area of edema and necrosis in the
left upper limb and gangrene of the fourth finger. (b) The same patient shown in A, after amputation
of the fourth finger (in the healing phase). (¢) Envenoming in the distal part of the little finger of the
right hand with evolution to necrosis after 48 h after the bite. (d) Envenoming on dorsal region of
the right hand spreading to hand palm, requiring surgical debridement of the necrosis area on 5 day
after the bite. (e) Severe envenoming on the left hand; this patient arrived 24 h after the bite,
presenting compartmental syndrome in the left upper limb, requiring fasciotomy. (f) Patient
presenting abscess and cellulitis due to secondary bacterial infection, on the dorsal area of the left
foot, 48 h after the bite

A

Fig. 5 Systemic complications resulting from Bothrops snakebites. (a) Patient bitten on the
dorsal part of the left forearm showing uremic face because of acute renal failure, 72 h after of the
envenoming. (b) Patient presenting systemic hemorrhage, evidenced in the picture by bleeding in
the lower lip 24 h after the bite

Therapeutics

The specific treatment of Bothrops envenomations in the Brazilian Amazon follows
the protocol established by the Ministry of Health according to the severity of the
envenomation (Ministério da Satde 2001). As soon as indications are fulfilled,
antivenom should be administered. Delay in antivenom therapy is the main deter-
minant for poor prognosis, where failure of antivenom in reversing clinical and
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laboratory effects are more likely to occur in patients admitted more than 6 h after
bite. However, even a long delay between bite and admission to hospital should not
exclude the indication of antivenom therapy if symptoms and signs of systemic
envenoming are still evident. Antivenom should be administered by intravenous
route, diluted in isotonic fluid, and infused over approximately 60 min. Preferably,
patients should be hospitalized for antivenom therapy and be monitored in the first
24 h for early anaphylactic reactions. Clinical studies have shown that antivenoms
are highly effective in reversing hematological disturbances and stopping local and
systemic bleeding caused by Bothrops snake venoms (Pardal et al. 2004; Otero et al.
1996). Usually, coagulation disturbance is reversed in the first 24 h after antivenom
therapy, and no relapse occurs if the recommended dose is given. On the other hand,
the efficacy of antivenom in reducing local tissue damage shows to be limited, unless
antivenom is given within a few hours of the bite.

The Bothrops, Bothrops-Lachesis, and Bothrops-Crotalus antivenoms, which are
used in the treatment, are produced in horses immunized with a mixture of the snake
venoms. The mixture of the Bothrops venom is composed for B. jararaca (50%),
B. moojeni (12.5%), B. alternatus (12.5%), B. jararacussu (12.5%), and B. neuwiedi
(12.5%). Thus, B. atrox venom, which is from a medically important snake in the
Brazilian Amazon, is not part of the immunization pool used for the production of
antivenoms used in the treatment of these envenomations (Fan et al. 2015). Exper-
imentally, the Bothrops antivenom neutralizes the main biological activities, i.e.,
bleeding, lethality, and defibrinating, of B. afrox venom from Manaus, Amazonas
State, and Sdo Bento, Maranhdo State, requiring, however, different doses of
antivenoms for the distinct geographical areas (Furtado et al. 2010). On the other
hand, a clinical study in Belém, Para State, shows specific B. atrox-Lachesis, and
standard Bothrops-Lachesis antivenoms were equally effective in reversing clinical
manifestations and laboratories abnormalities observed in victims of Bothrops
envenomations. Venom-induced hemostatic abnormalities were resolved with 24 h
after the start of antivenom treatment (Pardal et al. 2004).

The victims of Bothrops envenomation in the Brazilian Amazon receive anti-
venom between 2 and 11.7 h on average after the snakebite (Pardal et al. 2004; Souza
2002). The delay between the elapsed time of the envenomation and the adminis-
tration of antivenom in health services is the result of the vast territory and difficulty
in access to health services, since often the transport used by the victims is by boat.
Moreover, the practice of traditional treatments, such as the use of medicinal plants,
could also delay the search for victims for specific treatment in the health services
(Ministério da Satude 2001). Indeed, various plant species are used to treat snakebites
without any scientific validation. However, studies have shown the effectiveness of
anti-snakebite plants to inhibit the local effects, i.e., edema, of B. atrox venom in the
west of the state of Para, Brazil (Moura et al. 2015).

Early adverse effects of antivenoms vary in frequency and severity, whose
mechanisms can involve type I hypersensitivity, which seems not to be responsible
in most cases, since acute reactions often occur in patients with no history of
previous exposure to equine proteins; anti-complementary activity has been
suggested; and human heterophilic antibodies toward equine immunoglobulins
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have been described. Independently of the mechanisms involved, clinical symptoms
of early reaction are undistinguishable and have been reported in variable frequen-
cies. Most of the early reactions are mild, including pruritus, urticaria, nausea,
vomiting, and abdominal pain. Dyspnea and hypotension indicate severe reaction
and demand interruption and the antivenom infusion and specific treatment. The risk
of early reaction depends on the dose and speed of administration. There is a
widespread practice in the antivenom therapy to recommend the slow infusion of
antivenom, often achieved by diluting the antivenom in isotonic fluid, although
clinical studies have not provided full support that the speed of antivenom infusion
correlates with the frequency of acute reaction. Intradermal/conjunctival hypersen-
sitivity tests have no longer been indicated since they do not predict antivenom
reactions.

Early hypersensitivity reactions to the use of antivenom may occur even after the
use of premedication with corticosteroids and antihistamines, which are between
16% and 28%. (Pardal et al. 2004; Souza 2002). The frequency of delayed reactions
(serum sickness) needs to be better known (Fan et al. 2015). Only one victim from
212 of Bothrops envenomation treated at a reference hospital in the Amazonas State
had serum sickness (Souza 2002). In rural areas of the Brazilian Amazon without
electricity to conserve the liquid antivenom in cold temperatures (2 °C to 8 °C), the
use of lyophilized antivenom could be strategically used. Studies show that the
frequency of adverse reactions observed in victims of Bothrops envenomations in
the Amazonas State who received lyophilized Bothrops-Lachesis-Crotalus anti-
venom was not statistically different when standard Bothrops antivenom was used
(Silva and Tavares 2012).

Regarding treatment of local complications such as necrosis and compartment
syndrome, there have been described cases of amputation and fasciotomy, respec-
tively (Fan et al. 2015). In the treatment of secondary infections, such as abscesses, it
is necessary to use broad-spectrum antibiotics. Studies on the microorganisms
present in these infections and sensitivity to antibiotics need to be performed.
Moreover, it is important to get information on the vaccination status of the victim
against infection with tetanus bacilli and proceed according to the guidance of the
Ministry of Health. Thus, in the Brazilian Amazon, a region that shows peculiar
characteristics, the frequent training of professionals in the management of enven-
omation is necessary, especially in small towns.

Lachesis Envenomings in the Brazilian Amazon

Envenomings caused by Lachesis snakes, the bushmasters, popularly known in
Brazil as surucucu, surucucu-pico-de-jaca, and surucutinga, are unusual events
due to their nonaggressive behavior. These snakes are found in dense, preserved,
and rainy tropical forest environments, with high temperatures, in the countries of
South and Central America (Souza et al. 2007). In the Amazon region, there are two
main Lachesis species: L. acrochorda, present in the northwest of Colombia and
Ecuador, and L. muta, found in Venezuela, Suriname, Guyana, French Guiana,
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Fig. 6 Specimens of Lachesis muta, the species responsible of Lachesis envenomings in Brazilian
Amazon, highlighting details in the tail

Brazil, Ecuador, Peru, Bolivia, and the eastern Andes. L. muta is the bigger venom-
ous snake in the Americas and may exceed 3 m in length (Fig. 6); it is a species of
forest environment, with large body size (easier to be seen), no aggressive behavior,
and low population density, thus contributing to the lower incidence of Lachesis
bites in relation to Bothrops bites (Bernarde 2014). L. muta has nocturnal habits,
hunting in the stalking ground and feeding on rodents and marsupials. It is the only
oviparous species of viperid in Brazil, with records of up to 20 eggs. Female curls up
next to the eggs to protect them.

In the Brazilian Amazon, Lachesis envenomings accounted for 6.6% of cases
(Satide 2014). In a study conducted in the city of Manaus, this genus was involved in
17% of cases (Bard et al. 1994). In Belém, state of Par4, through enzyme immuno-
assay or by examination of the dead snake, only one Lachesis envenoming was
shown among 46 bitten patients (Pardal et al. 2004). In the state of Acre, from
45 previously bitten individuals, 14% tested positive for Lachesis antibodies using
enzyme immunoassay (Pierini et al. 1996).

Although L. muta has a wide geographical distribution, Lachesis venoms from
Brazil, Costa Rica, and Colombia share similar pathophysiological characteristics
(Pla et al. 2013), with four major pathophysiological activities: coagulant, proteo-
lytic, hemorrhagic, and neurotoxic (Torres et al. 1995). The coagulant action of the
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Lachesis venom is due to the presence of serine proteases, also called thrombin-like
proteins, which act directly on fibrinogen-to-fibrin reaction transformed without
thrombin participation (Pla et al. 2013), causing an acceleration in blood coagulation
and consumption of clotting factors, resulting in blood incoagulability and prolon-
gation of bleeding time (Torres et al. 1995). In the Amazonas State, Brazil, coagulant
activity of the L. muta venom showed more intensity than the B. atrox (Bard et al.
1994). Other toxins found in Lachesis venom are the disintegrins, acting as platelet
aggregation inhibitors, even though some components have been found that induce
aggregation (Francischetti et al. 1998).

Regarding proteolytic activity, the venom has many enzymes that help in an acute
inflammatory process in the first hours post-envenoming, namely, phospholipases
and serine proteases (Jorge and Ribeiro 1997). The hemorrhagic activity of the
venom occurs through metalloproteinase action, also called hemorrhagins, that
compromise the vascular integrity and increase fibrinolytic activity, not only locally
but systemically (Estévao-Costa et al. 2000). The neurotoxic activity is characteristic
of Lachesis envenomings caused by vagal stimulation by the action of phospholi-
pases which act as potent neuromuscular presynaptic blockers (Jorge et al. 1997).
The kininogenases also play an important role in the clinical picture with the release
of kinins, which affect neuromuscular conduction process. Experimental models
show that neurotoxic action of L. muta venom possesses presynaptic effects at low
doses and postsynaptic in high doses (Damico et al. 2006). Besides these activities,
L. muta venom has a minimum myotoxic action (Damico et al. 2006).

Clinical manifestations at the bite site are similar to those caused by Bothrops,
with an intense tissue damage evidenced by pain, restricted edema or affecting the
member, blisters, bleeding, and ecchymosis (Torres et al. 1995). Chronic ulcers are
reported in patients bitten by Lachesis (Fig. 7). Systemic manifestations are charac-
terized by coagulation disorders, nausea, frequent vomiting, intense sweating, and
hypersalivation or oral dryness (Souza et al. 2007). Classic signs and symptoms of
vagal stimulation are dizziness, blurred vision, diarrhea, abdominal cramps, sinus
bradycardia, severe hypotension, and shock (Souza et al. 2007; Torres et al. 1995).
Occasionally, divergent strabismus, dysarthria, and dysphagia may occur (Torres
et al. 1995). Main local complications are secondary infection, functional impair-
ment, and acute renal failure (Souza et al. 2003, 2007). Due to stimulation of the
autonomic nervous system, Lachesis envenomings can still present with shock and
death (Souza et al. 2007). Serological tests to distinguish between Bothrops and
Lachesis in the absence of vagal manifestations are available only for research
purposes (Pardal et al. 2004).

The Lachesis antivenom is the specific treatment for this type of envenoming,
especially effective in the occurrence of inoculation of large amounts of venom.
Despite the wide geographic distribution of Lachesis snakes, antivenom seems to
give good coverage in different geographical areas of the Amazon (Theakston et al.
1995). Despite some similarities between Bothrops and Lachesis venom compo-
nents, the Bothrops antivenom is not recommended for neutralization of the coag-
ulant action of the Lachesis venom (Bard et al. 1994).
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Fig. 7 Local complications
resulting from a Lachesis
snakebite. Chronic ulcer and
scar in a patient bitten by a
Lachesis snake 3 years after
the envenoming

Crotalus Envenomings in the Brazilian Amazon

In the Brazilian Amazon, Crotalus durissus, the rattlesnake, is present in relictual
cerrado spots in the states of Rondonia (Vilhena, Chupinguaia, Rolim de Moura,
Alta Floresta d’Oeste, and Guajara-Mirim), Amazonas (Humaitd), Roraima, Amapa,
and Para (Serra do Cachimbo, Santarém, and Maraj6 Island) and is probably absent
in the state of Acre (Bernarde 2014). Adults range between 1 and 1.5 m long (Fig. 8).
This snake has nocturnal and terrestrial behavior, feeding on rodents. It is a vivip-
arous species, giving birth between 11 and 33 offsprings.

In Brazil, the Crotalus bites accounted for 9.2% of cases in 2015. In the Brazilian
Amazon, there were 341 recorded cases, representing 23.9% of notifications from
the country (Saude 2014). Epidemiological studies show that Crotalus cause 0.7% of
accidents by snake envenomings in Amapa (Lima et al. 2009), 13.4% in Roraima
(Nascimento 2000), and 0.5% in the Amazonas State (Feitosa et al. 2015). In the
upper Jurua River, state of Acre, snakebites were classified as Crotalus bites in 2% of
the patients, but it is believed that in this region, rattlesnakes are commonly named
surucucu, a name also used for Bothrops and Lachesis (Bernarde 2014). In a case
series from Rio Branco, also in the state of Acre, no Lachesis envenomings were
recorded (Moreno et al. 2005).
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Fig. 8 Two specimens of Crotalus durissus, the species responsible of Crotalus envenomings in
relictual cerrado spots within the Brazilian Amazon

Crotalus durissus venom has three main biological activities: neurotoxic,
myotoxic, and coagulant (Azevedo-Marques et al. 2009). The venom of Crotalus
durissus ruruima, a snake found in the northern state of Roraima in Brazil and
southern Venezuela, has shown phospholipase, hemorrhagic, and edematogenic
activities, with a notable intrapopulation variation (Dos-Santos et al. 2005). The
venom of C. d. ruruima may vary in their composition and biological activity in
accordance with the color yellow or white; white C. d. ruruima venom has activities
similar to that of C. d. terrificus (Dos Santos et al. 1993). The major component of
Crotalus venoms is the crotoxin, a neurotoxin with presynaptic activity that acts on
motor nerve endings by inhibiting the release of acetylcholine. This inhibition may
result in neuromuscular blockade and therefore motor and respiratory paralysis. The
myotoxic activity produces injury of skeletal muscle fibers, resulting in rhabdomy-
olysis. The coagulant action is attributed to the presence of thrombin-like components
in the venom, which can lead to hypofibrinogenemia and blood incoagulability
(Azevedo-Marques et al. 2009). A potent platelet-aggregating protein, called
convulxin, was also isolated from the venom of C. d. terrificus, but thrombocytopenia
has not been observed in the Lachesis envenoming (Azevedo-Marques et al. 2009).

Clinical manifestations at the bite site generally are little evident, with fang
marks, paresthesia, and discrete edema and erythema. Systemic manifestations
include drowsiness, ptosis, ophthalmoplegia, sagging face muscles, blurred vision,
diplopia, myalgia, arthralgia, and myoglobinuria. Swallowing difficulties and
changes of smell and taste may occur in some patients. The major complications
that can arise after Crotalus bites are acute renal failure and acute respiratory failure.
Crotalus bites patients may present with increased serum levels of creatine kinase,
lactate dehydrogenase, aspartate aminotransferase, and aldolase. Clotting time can
be abnormal in some cases (Azevedo-Marques et al. 2009). In the Brazilian Amazon,
few clinical descriptions of Crotalus envenomings have been reported in the state of
Par4, evolving to acute renal failure (Pardal et al. 2003).

Treatment of Crotalus envenomings consists of the administration of the specific
antivenom, which is produced in Brazil from the immunization of horses with C. d.
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terrificus and C. d. collilineatus venoms (Fan et al. 2015). In the presence of
systemic complications, patient may require supportive treatment, using renal
replacement therapy in case of acute renal failure, artificial ventilation in case of
respiratory failure, and corticosteroids, antihistamines, and epinephrine in case of
anaphylactic reactions following antivenom administration.

Micrurus Envenomings in the Brazilian Amazon

In Brazil, Elapidae snakes are called coral snakes because most species have colored
rings along the body extension (black, red, or orange and white or yellow) (Bernarde
2014). However, there are exceptions of species presenting no colored rings (for
instance, Micrurus albicinctus) (Fig. 9). Most coral species usually will not exceed
1 m in length, with no record of Micrurus spixii with 1.6 m. Since there are several
species of false coral snakes, it is prudent only experts capture these animals. General
population must treat all snakes with coral pattern as “possible true coral snakes,”
thus avoiding accidents with these snakes. These snakes occur in primary forests or
in disturbed areas of crops and pasture, including records of some species (e.g.,
M. lemniscatus and M. surinamensis) in urban areas. Most species have fossorial or
terrestrial habits, but two species (M. lemniscatus and M. surinamensis) have aquatic
habits. Micrurus mainly feed on elongated vertebrates (other snakes,
amphisbaenians, lizards, and caecilians) but also on fishes (Callichthys, Gymnotus,
and Synbranchus marmoratus, predated by Micrurus lemniscatus and Micrurus
surinamensis) and velvet worms (recorded for M. hemprichii) (Bernarde 2014;
Martins and Oliveira 1998). These snakes are oviparous, with a record of 2 to
15 eggs, which varies between species and the size of the snake (Martins and
Oliveira 1998). In the Brazilian Amazon, it is estimated that 0.3% of the snakebites

a7

Fig. 9 Some Micrurus species involved in biting humans in the Brazilian Amazon: (a) Micrurus
albicinctus, (b) Micrurus hemprichii, (¢) Micrurus surinamensis, (d) Micrurus spixii, (e) Micrurus
remotus, and (f) Micrurus lemniscatus
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are caused by Micrurus. Clinical data from Micrurus envenomings are scarcely
reported in this region, and M. hemprichii and M. lemniscatus are involved in such
envenomings (Fan et al. 2015).

Micrurus venom primarily induces neurotoxic effects due to the presence of
neurotoxins with pre- and postsynaptic activity. The neurotoxins can competitively
bind with acetylcholine receptors causing postsynaptic blockage of neuromuscular
transmission or act at the neuromuscular junction blocking the presynaptic release of
acetylcholine (Ministério da Saude 2001). M. surinamensis has a presynaptic neu-
rotoxin (Dos-Santos 2009). Venoms of Micrurus spixii, M. averyi, M. lemniscatus,
M. surinamensis, and M. hemprichii from the Brazilian Amazon region have no
coagulant activity. However, with the exception of the M. surinamensis venom, the
venoms of the other species have edematogenic and myotoxic activities (Terra et al.
2015). Myotoxic effect of Micrurus venom of the Brazilian and Colombian Amazon
is evidenced experimentally by the increase in plasma levels of creatine kinase and
acute muscle damage on histology (Gutiérrez et al. 1992). Toxin and crude venoms
of M. spixii, an endemic species of South America and northern states of Brazil,
show phospholipase activity. In a mouse phrenic nerve-diaphragm preparation,
M. spixii venom and MsPLA,-I induced the blockage of both direct and indirect
twitches (Terra et al. 2015).

Victims of Micrurus bites have ptosis; ophthalmoplegia; jaw, laryngeal muscles,
and pharynx paralysis; drooling; and paralysis of the neck and limbs as a result of
neurotoxic venom activity (Ministério da Saude 2001). Acute respiratory failure has
been observed in accidents caused by M. surinamensis that occurred in the state of
Para, as a result of paralysis of the respiratory muscles. In this state, Micrurus
filiformis also causes envenomings with pain and mild edema at the bite site,
epigastric pain, and vomiting (Pardal et al. 2010). In the Amazonian Ecuador,
unusually, there was a case of M. lemniscatus helleri bite with severe local pain,
slow evolution of neurological manifestations, thrombocytopenia, and mild
coagulopathy (Manock et al. 2008).

Treatment of Micrurus bites is made with the use of specific antivenom. In Brazil,
M. corallinus and M. frontalis venoms are used for the production of Micrurus
antivenom. In cases of acute respiratory failure, intubation and mechanical ventila-
tion are required (Manock et al. 2008; Pardal et al. 2010).

Prevention Measures

Snakebites are considered preventable injuries and most of the envenomings occur
by lack of preventive habits, including individual protection equipment, especially
for workers in rural activities. As lower and upper limbs are the most affected areas
of the body, the use of jackboots, leggings, and gloves is supposed to be the major
primary prevention measure. Some simple additional measures such as keeping
clean household surroundings and closing garbage cans help to keep away small
rodents, which are part of some snakes’ diet. In the Amazonian context, it should be
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noted that many Amerindian and traditional riverine individuals are habitually
barefoot populations, representing a challenge for preventing snakebites. Education
about safe habits for the most affected groups is essential. For instance, there is no
systematic program of interventions for primary prevention of snakebites as an
occupational hazard in the Amazon.

Secondary prevention of snakebites aims to reduce the impact of an already
occurred envenoming, by detecting and treating patients as soon as possible to
prevent severe complications such as local necrosis and secondary bacterial infec-
tions, systemic bleeding, and renal failure, commonly observed after Bothrops atrox
snakebites (Souza 2002). In the Brazilian Amazon, more than 30% of patients took
more than 6 h to receive medical assistance, and such delay was an independent risk
factor for severe complications and associated mortality (Feitosa et al. 2015).
Moreover, underdosing of antivenom in the region seems to be common. Improve-
ment in the access to health facilities and systematic professional training on
diagnosis, specific therapy, and clinical management of complications could have
a significant impact in preventing poor outcomes, long-term disabilities, and lethal-
ity. The Brazilian Ministry of Health additionally recommends not doing tourni-
quets, cutting or sucking the bite site, or applying substances such as alcohol,
coffee, kerosene, mud, and other traditional “medicines” (Ministério da Satde
2001).

The burden of function loss associated to snakebites on vulnerable populations
remains as a major research gap, both from the health system and society perspec-
tive. In the state of Acre, in the Western Brazilian Amazon, functional impairment of
the bitten limb was recorded in 10% of the indigenous and riverine population
surveyed, including permanent loss of function and sensibility, amputations, and
permanent scarring (Pierini et al. 1996). In order to improve as much as possible their
ability to function, their quality of life, and their life expectancy, public policies
aiming to identify incapacitated victims and provide them socio-economical support
and physical rehabilitation should be part of integrated national programs for chronic
pathologies.

Conclusions and Future Directions

Despite important efforts carried out during the past decades in Brazil to understand
and control the problem of snakebites, important gaps remain for the fulfillment of
these goals, particularly in the Amazon region. A workshop was held in Manaus,
Amazonas, in 2013 with representatives of Health Departments of Amazonian states,
AV producers, universities, reference hospitals, and the Ministry of Health to
identify research bottlenecks. A proposal to create the research network Snakebite
and Scorpionism Network in the Amazon (Rede de Ofidismo e Escorpionismo da
Amazonia (ROdA)) emerged from researchers at the Butantan Institute and the
Tropical Medicine Foundation Dr. Heitor Vieira Dourado. The general aim of the
network is to enhance implementation of collaborative work and multicenter studies
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resulting in integration of services, research institutions, and health professionals.
Identified research gaps are listed below (Fan et al. 2015).

Burden on Vulnerable Populations

It is difficult for riverine and indigenous populations to reach health centers for
treatment of snakebites. As a result, the number of cases detected officially is
probably much lower than the real number. Current AVs require conservation in
adequate facilities (2°-8 °C), which are not always available in these remote settings.
In addition, training of multidisciplinary teams is not always appropriate for indig-
enous health services regarding AV administration, side effect management, and case
monitoring and surveillance.

Recommendations:

1. Assess disease burden through population- and hospital-based field studies in
remote areas.

2. Seek innovation in the network for efficient distribution of immunobio-
logicals, especially interaction with other networks such as those providing
vaccines.

3. Integrate different sectors (Health Surveillance Secretariat (SVS), Indigenous
Health Special Secretariat (SESAI), National Agency of Sanitary Surveillance
(ANVISA)) for articulation of common strategies to be pursued with other
ministries (Agriculture, Environment, Science, and Technology).

4. Review the skills of professionals assisting injured patients in areas without
infrastructure and doctors according to international guidelines.

Venom Research and Revision of the AV Spectrum

Currently, AV immunoglobulins are the only treatment available for snake
envenomings. The WHO List of Essential Medicines includes them in the basic
package of healthcare in affected countries. There is an urgent need to ensure
availability of effective AVs and to improve their manufacture regulation. However,
the possible interspecific venom variation associated with the geographical distribu-
tion of snakes may affect the effectiveness of therapeutic AVs against the Amazon
Bothrops venom.

Current AV production methods, based on studies conducted in the 1980s,
need updating in light of new technologies. Antivenom recommendations are
based on experimental studies of cross-neutralization between specific venoms
and AVs. These excluded venom from Bothrops atrox, the main cause of snake-
bites in the Amazon. Efficacy of Brazilian AVs against venom from some
Amazon Bothrops species has been investigated. Bothrops AV showed neutral-
ization of B. atrox venom major toxins (Pardal et al. 2004). Thus, new studies are
a needed investment in technological development to assess different AV candi-
date formulations.

A major concern relates to the failure in AV distribution. Antivenoms are usually
available in the municipal hospitals, as opposed to being distributed to peripheral
health clinics. The lack of adequate cold chain impairs AV distribution to rural areas.
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Also, inadequate storage and transportation may result in loss of material. Freeze-
dried AVs are available, and one of the national producers (Butantan Institute) has
been working to provide both liquid and freeze-dried products.

Recommendations:

1. Revise toxicity of snake venoms, including proteomics, as well as the potential
for AV neutralization against major venom activities.

2. Study seroneutralization in experimental models to support the venom pool used
to immunize animals for AV production, considering the absence of Bothrops
atrox venoms in these pools. Experimental studies should indicate the need for
inclusion of new venoms; the new product needs to be validated by clinical and
epidemiological data.

3. Perform stability studies of liquid AVs considering the Amazonian environmental
conditions. Decisions on AV distribution, either liquid or freeze-dried products,
should be based on careful and detailed analysis of the epidemiology of snake-
bites, the prevailing conditions, and health facilities available.

4. Study the mechanisms of venom action for different populations of snakes in the
Amazon (inter- and intraspecies variations).

5. Study supporting action or herbal drugs with specific activity on certain venom
components to enable complementary or alternative treatments.

Priorities in Clinical Research

Although clinical research related to venomous animal injuries has increased, most
publications are based on case reports and lack methodological rigor. Moreover,
outcome definitions, such as severity ranking criteria, were empirically established,
making the results even less generalizable. Clinical research from hospital-based
studies (patient follow-up for evaluation of the frequency of events related to
envenoming and their risk factors) and community observational studies (verbal
autopsy studies and seroepidemiological surveys, group population cohorts, and
qualitative studies) is needed.

Delays in patient care, along with the use of substances that may aggravate the
conditions at the bite site, lead to a high frequency of local complications resulting
from Bothrops and Lachesis envenomings. However, severity is also possibly related
to the composition of Amazon venoms. Medical management of secondary infec-
tion, abscess, necrosis, and compartmental syndrome has been the subject of con-
troversy, partly because of the lack of standardization regarding concepts and
management protocols. The possibility of reducing local effects by means of drugs
with anti-inflammatory activity, early antibiotic therapy for secondary infection,
cross-neutralization of AVs for different types of accidents, and new complementary
treatments needs to be further investigated while observing good clinical practice
and, preferably, in multicenter studies.

Systemic complications such as sepsis and acute kidney injury are less well
known, and apparently less frequent, than local complications, but most frequent
across the series from other regions in Brazil. The lack of patient follow-up,
including laboratory tests, appears to be related to this observation.
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Recommendations:

1. Perform multicenter studies by standardization of clinical protocols for estimating
independent risk factors for complications and also assessing AV efficacy (choice
of outcomes) and defining objective criteria for recommending AV dosage.

2. Identification of the species responsible for snakebites in the Amazon requires the
establishment of a gold standard method and determination of levels of anti-
genemia, preferably by means of rapid diagnostic tests.

3. Evaluate phase IV studies for adverse reactions (from three Brazilian manufac-
turers) under AV pharmacovigilance.

4. Submit phase II/III protocols simultaneously to assess feasibility of comparative
studies on efficacy and safety.

5. Plan training in good clinical practices, as well as establish a link to the National
Clinical Research Network (RNPC) from teaching hospitals.

6. Inform the regulatory agencies about the limitations and peculiarities of
research involving animal envenomings, paying clarification and consultation
to the National Human Research Ethics Council and the National Regulatory
Agency.

Adverse Reactions and Pharmacovigilance

Early adverse reactions (EAR) to AV therapy are expected events of varied fre-
quency according to the type of AV used and individual hypersensitivity to heterol-
ogous proteins. Clinically, patients may present urticaria, itching, tachycardia,
nausea, vomiting, abdominal colic, bronchospasm, hypotension, and angioedema.
Over time, both the frequency and severity of early reactions have decreased due to
the improvement of the AV purification process in Brazil. Frequency of delayed
reactions (serum sickness) seems to be lower than EAR, but the true frequency is
unknown. AV pharmacovigilance has been implemented, but reliable efficacy and
safety data are still lacking.

There are no accurate predictive factors for side effect occurrence, and preventing
them is not always possible, even with the use of premedication containing cortico-
steroids and/or antihistamines. Existing studies do not include controls for the
intervening variables, and samples are of insufficient size, limiting the validity of
the results.

Recommendations:

1. Perform multicenter phase IV studies, identifying sentinel hospitals for monitor-
ing cases for both early and late reactions.

Professional Training

Despite the high incidence of injuries from venomous animals, there is a lack of
systematic professional training on diagnosis, specific therapy, and clinical manage-
ment of complications. Thus, AV misuse is not infrequent, either in quantity (number
of ampoules administered) or the specific AV. Current training programs seek to link
medical knowledge with the snakes’ biology and surveillance. However, this
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approach often does not reflect the need for professional diagnosis algorithms and
coherent and responsive medical management. Thus, adherence to medical training
and courses in this area has been a major challenge. Furthermore, there is a high
turnover of health professionals in small Amazon cities. Although communication
technologies that greatly facilitate knowledge dissemination have proliferated in the
area, these are still barely harnessed. The use of electronic media for training pro-
fessionals in the management of envenomations is increasing and may be an
alternative to classroom courses.
Recommendations:

1. Investments in training should cover all health professionals, including nurses
who are critical to initial management of the patient and follow-up of possible
complications.

2. Update systematically all relevant diagnosis and treatment guidelines.

3. Encourage the use of technological resources for communication and other
electronic media used in training programs and distance learning.

4. Include the topic in the undergraduate curriculum of health professionals with
regionalized approaches to issues involving venomous animals.

5. Design new postgraduate and other courses, as well as interaction between
graduate programs to increase the critical mass of professionals and researchers
involved,

6. Implement nonformal education activities for science communication, particu-
larly aimed at school audiences.

Fauna Surveys and Capture of Animals for Venom Production
Traditionally, institutions producing AVs get animals caught from nature that are
kept in vivariums and used to obtain venoms. However, environmental legislation
restricts the collection and transport of wild animals. There is a requirement to
establish specific policies to capture animals, and captive breeding is not done
satisfactorily.

Field work is not limited to animal collection; it also includes studies of behav-
ioral patterns such as diet, reproduction, and activities to establish phylogeny
patterns for identifying risk factors of the envenomings. Increased knowledge on
biodiversity of Amazon animals has applications on their use and species conserva-
tion. Zoological collections of invertebrates are also informative regarding their
geographical distribution and diversity.

Recommendations:

1. Establish partnerships for capture of Lachesis snakes and transport to vivariums
of laboratories producing AVs.

2. Guide Lachesis reproduction in captivity, which should be led by professionals
familiar with their conditions both in nature and supportive maintenance
environment.

3. Follow shared standard operating procedures (SOPs) for the collections of ven-
omous animals in order to facilitate exchange of information.
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In addition to all the above recommendations, international cooperative efforts
toward the control of this neglected health problem through international partner-
ships are needed, namely, with other Amazonian countries.

Cross-References

Snake Bites in Colombia
Snakebite Envenoming in Latin America and the Caribbean

References

Assakura MT, Furtado MF, Mandelbaum FR. Biochemical and biological differentiation of the
venoms of the lancehead vipers (Bothrops atrox, Bothrops asper, Bothrops marajoensis and
Bothrops moojeni). Comp Biochem Physiol. 1992;102:727-32.

Azevedo-Marques MM, Hering SE, Cupo P. Acidente Crotalico. In Cardoso JLC, Franga FOS, Fan
WH, Malaque CMS, Haddad Jr V, editors. Animais Peconhentos no Brasil. Biologia, Clinica e
Terapéutica dos Acidentes. Sdo Paulo: Sarvier; 2009. p. 108-15.

Bard R, Lima JCR, Sa-Neto RP, Oliveira SG, Santos MC. Ineficacia do antivenneo botropico na
neutralizagdo da atividade coagulante do veneno de Lachesis muta muta. Relato de caso e
comprovagdo experimental. Rev Inst Med Trop Sao Paulo. 1994;36(1):77-81.

Bernarde PS. Anfibios e répteis: introdugdo ao estudo da herpetofauna brasileira. Curitiba: Anolis
Books; 2012.

Bernarde PS. Serpentes Pegonhentas e Acidentes Ofidicos no Brasil. Sdo Paulo: Anolis Books;
2014.

Bernarde PS, Gomes JO. Serpentes peconhentas e ofidismo em Cruzeiro do Sul, Alto Jurua, Estado
do Acre, Brasil. Acta Amaz. 2012;42:65-72.

Bernarde P, Costa H, Machado R. Bothriopsis bilineata bilineata (Wied, 1821) (Serpentes:
Viperidae): new records in the states of Amazonas, Mato Grosso and Rondonia, northern Brazil.
Check List. 2011a;7:343-7.

Bernarde PS, Amaral ES, Vale MAD. Squamata, Serpentes, Viperidae, Bothrocophias hyoprora
(Amaral, 1935): distribution extension in the state of Acre, northern Brazil. Checklist. 2011b;7
(6):813-4.

Calvete JJ, Sanz L, Pérez A, Borges A, Vargas AM, Lomonte B, et al. Snake population venomics
and antivenomics of Bothrops atrox: paedomorphism along its transamazonian dispersal and
implications of geographic venom variability on snakebite management. J Proteomics.
2011;74:510-27.

Coutinho-Neto A, Caldeira CS, Souza GHMF, Zaqueo KD, Kayano AM, Silva RS, et al. ESI-MS/
MS identification of a bradykinin-potentiating peptide from Amazon Bothrops atrox snake
venom using a hybrid Qq-0aTOF mass spectrometer. Toxins (Basel). 2013;5:327-35.

da Satide M. Manual de diagnoéstico e tratamento de acidentes por animais peconhentos. Brasilia:
Fundagao Nacional de Saude; 2001.

Damico DCS, Bueno LGF, Rodrigues-Simioni L, Maangoni S, Cruz-Hofling MA, Novello
JC. Functional characterization of a basic D49 phospholipase A 2 (LmTX-I) from the venom
of the snake Lachesis muta muta (bushmaster). Toxicon. 2006;47:759-65.

Dantas RT, Jorge ARC, Jorge RJB, Menezes RRPPB, Lima DB, Torres AFC, et al. L-amino acid
oxidase from Bothrops marajoensis causes nephrotoxicity in isolated perfused kidney and
cytotoxicity in MDCK renal cells. Toxicon. 2015;104:52—6.



3 Snakebites in the Brazilian Amazon: Current Knowledge and Perspectives 97

Dos-Santos MC. Serpentes peconhentas e ofidismo no Amazonas. In: Cardoso JLC, Franga FOS,
Wen FH, Malaque CMS, Haddad Jr V, editors. Animais pegonhentos no Bras. Biol. clinica e Ter.
dos Acid. 2nd ed. Sdo Paulo: Sarvier; 2009. p. 132-42.

Dos-Santos MC, Borgesde E, Pinheiro J, Fortes-dias CL. Individual venom variability in Crotalus
durissus ruruima snakes, a subspecies of Crotalus durissus from the Amazonian region.
Toxicon. 2005;46:958-61.

Estévao-Costa MI, Diniz CR, Magalhdes A, Markland FS, Sanchez EF. Action of meta-
lloproteinases mutalysin 1 and II on several components of the hemostatic and fibrinolytic
systems. Thromb Res. 2000;99:363-76.

Fan WH, Monteiro WM, Moura da Silva AM, Tambourgi DDV, Mendonga da Silva I, Sampaio VS,
et al. Snakebites and scorpion stings in the Brazilian Amazon: identifying research priorities for
a largely neglected problem. PLoS Negl Trop Dis. 2015;9:¢0003701.

Feitosa EL, Sampaio VS, Salinas JL, Queiroz AM, Silva IM, Gomes AA, et al. Older age and time
to medical assistance are associated with severity and mortality of snakebites in the Brazilian
Amazon: a case—control study. PLoS One. 2015;10:e0132237.

Francischetti IMB, Castro HC, Zingali RB, Carlini CR, Guimarées JA. Bothrops sp. snake venoms:
comparison of some biochemical and physicochemical properties and interference in platelet
functions. Comp Biochem Physiol. 1998;119:21-9.

Freitas-De-Sousa LA, Amazonas DR, Sousa LF, Sant’ Anna SS, Nishiyama MY, Serrano SMT, et al.
Comparison of venoms from wild and long-term captive Bothrops atrox snakes and character-
ization of Batroxrhagin, the predominant class PIII metalloproteinase from the venom of this
species. Biochimie. 2015;118:60-70.

Furtado MDFD, Cardoso ST, Soares OE, Pietro PA, Fernandes DS, Tambourgi DV, et al. Antigenic
cross-reactivity and immunogenicity of Bothrops venoms from snakes of the Amazon region.
Toxicon. 2010;55:881-7.

Gutiérrez JM, Rojas G, Jorge NJS, Javier N. Experimental myonecrosis induced by the venoms of
South American Micrurus (coral snakes). Toxicon. 1992;2:1299-302.

Jacob-Ferreira AL, Menaldo DL, Bernardes CP, Sartim MA, De Angelis CD, Tanus-Santos JE, et al.
Evaluation of the in vivo thrombolytic activity of a metalloprotease from Bothrops atrox venom
using a model of venous thrombosis. Toxicon. 2016;109:18-25.

Jorge MT, Ribeiro LA. Dose de soro (antiveneno) no tratamento do envenenamento por serpentes
peconhentas do género Bothrops. Rev Assoc Med Bras. 1997;43(1):74—6.

Jorge MT, Sano-Martins IS, Tomy SC, Castro SC, Ferrari RA, Ribeiro LA, et al. Snakebite by the
bushmaster (Lachesis muta) in Brazil: case report and review of the literature. Toxicon.
1997;35:545-54.

Kanashiro MM, De Escocard RCM, Petretski JH, Prates MV, Alves EW, Machado OLT, et al.
Biochemical and biological properties of phospholipases A2 from Bothrops atrox snake venom.
Biochem Pharmacol. 2002;64:1179-86.

Lima ACSF, Campos CEC, Ribeiro JR. Perfil epidemiologico de acidentes ofidicos do Estado do
Amapa. Rev Soc Bras Med Trop. 2009;42:329-35.

Lopez-Lozano JL, Sousa MV, Ricart CAO, Chavez-Olortegui C, Sanchez EF, Muniz EG, et al.
Ontogenetic variation of metalloproteinases and plasma coagulant activity in venoms of wild
Bothrops atrox specimens from Amazonian rain forest. Toxicon. 2002;40:997-1006.

Machado AS, Barbosa FB, Mello GS, Pardal PPO. Acidente vascular cerebral hemorragico
associado a acidente ofidico por serpente do género Bothrops: relato de caso. Rev Soc Bras
Med Trop. 2010;43:602-4.

Manock SR, Suarez G, Graham D, Avila-Aguero ML, Warrell DA. Neurotoxic envenoming by
South American coral snake (Micrurus lemniscatus helleri): case report from eastern Ecuador
and review. Trans R Soc Trop Med Hyg. 2008;102:1127-32.

Marcussi S, Stabeli RG, Santos-Filho NA, Menaldo DL, Silva Pereira LL, Zuliani JP, et al.
Genotoxic effect of Bothrops snake venoms and isolated toxins on human lymphocyte DNA.
Toxicon. 2013;65:9-14.

Martins M, Oliveira M. Natural history of snakes in forests of the Manaus region, Central
Amazonia, Brazil. Herpetol Nat Hist. 1998;6:78—150.



98 S. S. de Oliveira et al.

Moreira V, Dos-Santos MC, Nascimento NG, Silva HB, Fernandes CM, Império-Lima MR, et al.
Local inflammatory events induced by Bothrops atrox snake venom and the release of distinct
classes of inflammatory mediators. Toxicon. 2012;60:12-20.

Moreno E, Queiroz-Andrade M, Lira-da-Silva RM, Tavares-Neto J. Caracteristicas clinicoepide-
mioldgicas dos acidentes ofidicos em Rio Branco, Acre. Rev Soc Bras Med Trop.
2005;38:15-21.

Moura VM, Freitas de Sousa LA, Dos-Santos MC, Raposo JD, Lima AE, Oliveira RB, et al. Plants
used to treat snakebites in Santarém, western Par4, Brazil: an assessment of their effectiveness in
inhibiting hemorrhagic activity induced by Bothrops jararaca venom. J Ethnopharmacol.
2015;161:224-32.

Nascimento SP. Aspectos epidemiologicos dos acidentes ofidicos ocorridos no Estado de Roraima,
Brasil, entre 1992 ¢ 1998. Cad Saude Publica. 2000;16:271-6.

Neiva M, Arraes FBM, Souza JV, Radis-Baptista G, Prieto da Silva ARB, Walter MEMT, et al.
Transcriptome analysis of the Amazonian viper Bothrops atrox venom gland using expressed
sequence tags (ESTs). Toxicon. 2009;53:427-36.

Nufiez V, Arce V, Gutiérrez JM, Lomonte B. Structural and functional characterization of
myotoxin I, a Lys49 phospholipase A2 homologue from the venom of the snake Bothrops
atrox. Toxicon. 2004;44:91-101.

Nufez V, Cid P, Sanz L, De La Torre P, Angulo Y, Lomonte B, et al. Snake venomics and
antivenomics of Bothrops atrox venoms from Colombia and the Amazon regions of Brazil,
Perti and Ecuador suggest the occurrence of geographic variation of venom phenotype by a
trend towards paedomorphism. J Proteomics. 2009;73:57-78.

Otero R, Gutiérrez JM, Nuiiez V, Robles A, Estrada R, Segura E, et al. A randomized double-blind
clinical trial of two antivenoms in patients bitten by Bothrops atrox in Colombia. Trans R Soc
Trop Med Hyg. 1996;90:696—700.

Pardal PPO, Pardal JSDO, Castro LC, Cardoso BS, Sousa AMB, Wosny V. Acidentes por cascavel
(Crotalus durissus) no estado do Para. Resist Parda Médico. 2003;17:27-31.

Pardal PPO, Souza SM, Monteiro MRCC, Fan HW, Cardoso JLC, Franga FOS, et al. Clinical trial
of two antivenoms for the treatment of Bothrops and Lachesis bites in the north eastern Amazon
region of Brazil. Trans R Soc Trop Med Hyg. 2004;98:28-42.

Pardal PPO, Pardal JSO, Gadelha MAC, Rodrigues LS, Feitosa DT, Prudente ALC, et al. Enven-
omation by Micrurus coral snakes in the Brazilian Amazon region: report of two cases. Rev Inst
Med Trop Sao Paulo. 2010;52:333—7. Instituto de Medicina Tropical de Sao Paulo.

Pierini SVV, Warrell DAA, Paulo A, Theakston RDGD. High incidence of bites and stings by
snakes and other animals among rubber tappers and Amazonian Indians of the Jurua Valley,
Acre State, Brazil. Toxicon. 1996;34:225-36.

Pla D, Sanz L, Molina-Sanchez P, Zorita V, Madrigal M, Flores-Diaz M, et al. Snake venomics of
Lachesis muta rhombeata and genus-wide antivenomics assessment of the paraspecific immu-
noreactivity of two antivenoms evidence the high compositional and immunological conserva-
tion across Lachesis. J Proteomics. 2013;89:112-23.

Sanchez EF, Schneider FS, Yarleque A, Borges MH, Richardson M, Figueiredo SG, et al. The novel
metalloproteinase atroxlysin-I from Peruvian Bothrops atrox (Jergbn) snake venom acts both on
blood vessel ECM and platelets. Arch Biochem Biophys. 2010;496:9-20.

Santos MC, Ferreira LCL, Silva WD, Furtado MDFD. Caracterizacion de las actividades biologicas
de los venenos “amarillo” y “blanco” de Crotalus durissus ruruima comparados con el veneno
de Crotalus durissus terrificus. Poder neutralizante de los antivenenos frente a los venenos de
Crotalus durissus. Toxicon. 1993;31:1459-69.

Saude M. Sistema de Informacdo de Agravos de Notificagdo. Acidentes por animais peconhentos;
2014.

Silva IM, Tavares AM. Comparative evaluation of adverse effects in the use of powder trivalent
antivenom and liquid antivenoms in Bothrops snake bites. Rev Soc Bras Med Trop.
2012;45:523-5.



3 Snakebites in the Brazilian Amazon: Current Knowledge and Perspectives 929

Sousa LF, Nicolau CA, Peixoto PS, Bernardoni JL, Oliveira SS, Portes-Junior JA, et al. Comparison
of phylogeny, venom composition and neutralization by antivenom in diverse species of
Bothrops complex. PLoS Negl Trop Dis. 2013;7:¢2442.

Souza ARB. Snakebite by Bothrops atrox (Lin. 1758) in the State of Amazonas — Brazil: study of
212 cases with identified snake. Rev Patol Trop. 2002;31:267-8.

Souza ARB, Muniz EG, Lopez-Lozano JL, Ferreira LCL, Noronha MDN. Clinical manifestations
of snakebite by the Bushmaster snake Lachesis muta muta in Manaus, Amazonas Brazil. J
Venom Anim Toxins Incl Trop Dis. 2003;9:494.

Souza RCG, Nogueira APB, Lima T, Cardoso JLC. The enigma of the North Margin of the Amazon
River: proven Lachesis bites in Brazil, report of two cases, general considerations about the
genus and bibliographic review. Bull Chicago Herp Soc. 2007;42:105-15.

Terra ALC, Moreira-Dill LS, Simdes-Silva R, Monteiro JRN, Cavalcante WLG, Gallacci M, et al.
Biological characterization of the Amazon coral Micrurus spixii snake venom: isolation of a
new neurotoxic phospholipase A. Toxicon. 2015;103:1-11.

Theakston RDG, Laing GDD, Fielding CMM, Lascano AFF, Touzet J-MM, Vallejo F, et al.
Treatment of snake bites by Bothrops species and Lachesis muta in Ecuador: laboratory
screening of candidate antivenoms. Trans R Soc Trop Med Hyg. 1995;89:550—4.

Torres JR, Torres MA, Arroyo-Parejo MA. Coagulation disorders in bushmaster envenomation.
Lancet. 1995;346:449-50.



®

Check for
updates

Envenomation by Wandering Spiders 4
(Genus Phoneutria)

Fabio Bucaretchi, Rogério Bertani, Eduardo Mello De Capitani, and
Stephen Hyslop

Contents

INtrodUCtioN . ... e 102

Taxonomy, Geographical Distribution, and Biology ................ccoiiiiiiiiiiiiiia... 103

Clinical ENVENOMING . ...ttt ettt 111
EpIdemiology . . ..ottt e 111
Clinical Manifestations ..............ooiuiiiiitit i s 123
Classification of the Severity of Envenomation ...............cooociviiiiiiiiiiinieann, 126
Laboratory AIErations .. ........oovuuutetee et 127
TIEatMeNt . ..o e 127

Physiopathology of Envenomation ...............ooiiii e 132
PN L 133
Edema and Inflammation ... 139
Hemodynamic AIErations .............ooeeiiitiii ettt e eeeaeaens 140
PrIaPISIIL e e 141
Neurological Manifestations . ...........o.eeiitieit e 142
Central Nervous SYSTIM ... ... .ut ittt ettt et 143
Other Manifestations ............oiuutettti e 143

F. Bucaretchi (P<)

Department of Pediatrics and Campinas Poison Control Center, Faculty of Medical Sciences, State
University of Campinas (UNICAMP), Campinas, SP, Brazil

e-mail: bucaret@fcm.unicamp.br

R. Bertani
Ecology and Evolution Laboratory, Butantan Institute, Sdo Paulo, SP, Brazil
e-mail: rogerio.bertani@butantan.gov.br

E. M. De Capitani

Department of Clinical Medicine and Campinas Poison Control Center, Faculty of Medical
Sciences, State University of Campinas (UNICAMP), Campinas, SP, Brazil

e-mail: capitani@fcm.unicamp.br

S. Hyslop

Department of Pharmacology and Campinas Poison Control Center, Faculty of Medical Sciences,
State University of Campinas (UNICAMP), Campinas, SP, Brazil

e-mail: hyslop@fcm.unicamp.br

© Springer Science+Business Media B.V., part of Springer Nature 2018 101
P. Gopalakrishnakone et al. (eds.), Clinical Toxinology in Australia, Europe, and
Americas, Toxinology, https://doi.org/10.1007/978-94-017-7438-3 63


http://crossmark.crossref.org/dialog/?doi=10.1007/978-94-017-7438-3_63&domain=pdf
mailto:bucaret@fcm.unicamp.br
mailto:rogerio.bertani@butantan.gov.br
mailto:capitani@fcm.unicamp.br
mailto:hyslop@fcm.unicamp.br

102 F. Bucaretchi et al.

Morphological AIterations ................eiieiiiit i 144
Venom KINELICS .. ..ttt ettt ettt et ettt ettt ettt e e e e e 144
Fatal CaS@S vttt e 144
Conclusions and FUuture DIr€Ctions ...........oovieruiiiiiiiiieeeeeeeetiiiiaaeeeeaaeaanenns 146
R OTOIICES . ..t e 147
Abstract

Spiders of the genus Phoneutria, commonly known as wandering or banana
spiders, are found in southern Central America (Costa Rica) and throughout
South America east of the Andes into northern Argentina. Eight species, classi-
fied as Amazonian (P. fera, P. reidyi, and P. boliviensis) and non-Amazonian
(P. keyserlingi, P. pertyi, P. eickstedtae, P. bahiensis, and P. nigriventer), have
been described. Most of the clinically important bites by this genus occur in
Brazil (~4,000 cases per year), with only 0.5% being severe. Local pain is the
major symptom reported after most bites and involves peripheral (tachykinin
(neurokinin NK; and NK,) and glutamate receptors) and central (spinal) mech-
anisms (neurokinins, excitatory amino acids, nitric oxide, proinflammatory cyto-
kines, and prostanoids). Other local features observed in envenomed patients
include edema, erythema, radiating pain, sweating, fasciculation, and paresthesia.
Systemic manifestations are less common and may include diaphoresis, tachy-
cardia, arterial hypertension, agitation, prostration, sialorrhea, vomiting,
tachypnea, pallor, hypothermia, cyanosis, diarrhea, and priapism. Shock and
pulmonary edema, the main severe complications, are uncommon and possibly
related to increased sympathetic activity and a systemic inflammatory response,
although no sequential serum catecholamine, nitric oxide, and interleukin levels
have been measured in prospective case series of human envenomations by
Phoneutria spp. Most cases are treated symptomatically, with antivenom being
recommended only for patients who develop important systemic clinical mani-
festations; such manifestations occur in ~3% of cases and involve mainly children
<10 years old and adults >70 years old. Fifteen deaths attributed to Phoneutria
spp. have been reported in Brazil since 1903, but in only two of these cases are
there sufficient details to confirm a causal nexus.

Introduction

Wandering spiders (genus Phoneutria) are among the most medically important
venomous spiders in the world (Biicherl 1985; Lucas 1988; Isbister and Fan
2011). Despite the large number of Phoneutria spp. bites in Brazil, there are in
fact few detailed clinical reports involving these spiders in this country or indeed for
other countries where these spiders occur. This chapter reviews the clinical
toxinology of bites by Phoneutria species (spp.) in humans in Central and South
Anmerica, particularly Brazil, reported from 1925 to 2016, with particular emphasis
on the species involved, the geographical region where the bite occurred, the clinical
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features described, the treatment used, including antivenom, and the outcome. An
analysis of fatal cases is also included. Electronic databases [EMBASE, PubMed/
Medline, SciELO, and LILACS (the latter two covering collections of Brazilian and
other Latin-American scientific journals)] were searched for relevant reports using
key words in Portuguese, Spanish, and English (including some MeSH terms), such
as “mordidas/picadas de aranhas” (spider bites), “aranha armadeira” (“armed spi-
ders” or Phoneutria spp. spiders), “arafias del banana,” “arafias del platano” or
“arafias de las bananeras” (banana spiders), envenenamento (envenomation),
“foneutrismo” or “phoneutrismo” (bites in humans by Phoneutria spp.), Ctenus
(an earlier taxonomic designation for the genus Phoneutria), Phoneutria, banana
spiders, wandering spiders, envenoming, and envenomation. In addition, standard
(text)books on toxicology/toxinology, abstracts published in congress proceedings
and academic dissertations, were searched manually, as were the reference lists of all
the publications that were consulted. One personal communication and two reports
of severe envenoming based on cases monitored at two Brazilian Poison Control
Centers (PCC) are also included. Information on the taxonomy, geographical distri-
bution, and biology of Amazonian and non-Amazonian Phoneutria spp. and on the
physiopathology of envenomation is also provided, in the expectation that this will
be useful to clinical toxinologists and doctors treating persons bitten by these
spiders.

Taxonomy, Geographical Distribution, and Biology

Wandering or banana spiders (so-called because they are frequently found in crates
of transported bananas) of the genus Phoneutria Perty 1833 (family Ctenidae,
suborder Araneomorphae, and order Araneae) are popularly known in Brazil as
“aranha armadeira” in reference to their characteristic display when threatened
(in Spanish-speaking Latin-American countries, these spiders are commonly
known as “arafias del banana,” “arafias del platano,” or “arafias de las bananeras,”
i.e., banana spiders). Phoneutria spiders are very agile, medium-to-large-sized
(17-48 mm in total body length and up to 180 mm with outstretched legs) nocturnal
hunters that do not construct webs to trap their prey. When molested, these spiders
may assume a very characteristic and intimidating defensive posture by standing on
their hind legs with the front legs raised to expose their fangs while directly facing
the enemys; this posture is frequently accompanied by lateral movements of the body.
Phoneutria spiders bite readily and may jump distances of up to 30—40 cm (Biicherl
1953a; Lucas 1988, 2003; Schenberg and Pereira-Lima 1978; Martins and Bertani
2007; Hazzi 2014).

The taxonomy of Phoneutria spp. has had a long and checkered history, primarily
because of the great similarity between these spiders and those of other closely
related genera in the Ctenidae, especially the genus Ctenus that contains >200
species (World Spider Catalog 2016). Although the genus Phoneutria was originally
diagnosed based on the recurved median row of eyes (Perty 1833), the 2-4-2 ocular
arrangement and the oval anterior lateral eyes (Fig. 1b) were later considered to be
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Fig. 1 Key morphological characters for the identification of Phoneutria spp. (a) — Dorsal aspect
of'a female P, nigriventer showing the abdominal folium and white dots with spines. (b) — Face of a
female P, reidyi showing the diagnostic scopulae (brush of hairs) on the internal surface of the palps,
the dark divergent stripe and the eyes arranged in a 2-4-2 pattern (Photographs: R. Bertani©)

characteristic of the Ctenidae in general (Lehtinen 1967, as cited in Simo6 and
Brescovit 2001). In this regard, von Eickstedt and Biicherl (1969) reported consid-
erable variation in the arrangement of the second ocular row in 50 individuals of
Phoneutria nigriventer from the same geographical region (Sao Paulo City and
surroundings). Since Phoneutria spp. share several morphological characters with
other related genera, they are frequently misidentified as belonging to the ctenid
genus Cupiennius in Central America and northwestern South America (Vetter and
Hillebrecht 2008) and to Ancylometes and Ctenus in South America. These large
spiders are sporadically found in fruits, mainly bananas, exported to the United
States and Europe, with their arrival often being a cause for concern (Vetter and
Hillebrecht 2008; Jager and Blick 2009; Vetter et al. 2014). For this reason, Vetter
and Hillebrecht (2008) and Vetter et al. (2014) provided information on how to
distinguish Phoneutria spp. from Cupiennius spp. from Central America and north-
western South America.
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The best way to identify a Phoneutria specimen is by the presence of dense
scopulae (a brush of hairs) on the internal margin of the two distal palpal segments of
males and females, as stated by Mello-Leitdo (1936); this feature is still used to
distinguish this genus from other genera of the Ctenidae (Martins and Bertani 2007)
(Fig. 1b). Another possibility is to note the presence of a combination of characters
that, although not being exclusive, can be useful in identification. These include an
eye arrangement in a 2-4-2 pattern (Fig. 1b); the presence, on the legs and palps, of
small white spots with a spine inserted in the centrum (Fig. 1a); an abdominal
dorsum with folium (light spots resembling leaves) (Fig. 1a); the presence or absence
of white dots, depending on the species; and the occurrence of two divergent lines on
the face (Fig. 1b). The defensive display of raising the anterior legs is common to
other spiders as well, but only Phoneutria spp. maintain the anterior legs totally
stretched with the body supported on the four hind legs (Figs. 2b, e, h and 3b), a
posture that allows lateral movements of the body.

Phoneutria spp. live on vegetation, mainly in palm trees, plants with large leaves
(Torres-Sanchez and Gasnier 2010), and bromeliads in forested areas from southern
Central America (Costa Rica) throughout South America east of the Andes into
northern Argentina (Martins and Bertani 2007; Hazzi 2014). Eight species have been
described and broadly classified as Amazonian (P, fera, P. reidyi, and P. boliviensis)
and non-Amazonian (P. keyserlingi, P. pertyi, P. eickstedtae, P. bahiensis, and
P, nigriventer) species (Martins and Bertani 2007).

The non-Amazonian species are restricted to northern Argentina, Paraguay,
Uruguay, and Brazil, including areas of Brazilian Atlantic rainforest and in forest
fragments in the Cerrado (savannah) (Simé and Brescovit 2001; Martins and Bertani
2007; Peralta 2013), but show little overlap in their distribution. Although in many
cases definitive species identification requires examination of the genitalia by a
specialist, the color patterns and geographical distributions shown in Figs. 2 and 3
and Table 1A can be useful indicators of the possible identity where there is no
specialist. In contrast, the Amazonian species show strong overlap in their distribu-
tion (Fig. 4d, h, and 1), and it is common for two and, more rarely, three species to
occur in the same area. Phoneutria reidyi is more common in the eastern Amazon
(Fig. 4d), whereas P. fera is common from central to western Amazon (Fig. 4h), and
P boliviensis from the extreme western Amazon to southern Central America
(Fig. 41). The color patterns of these species are readily distinguished and even
immature individuals can be identified, as shown in Fig. 4 and Table 1B.

Phoneutria nigriventer is the most important species of the genus, based on its
clinical significance and geographical distribution (the species is also found in large
urban areas). This species is restricted to central-western, southeastern, and southern
Brazil, northern Argentina, Uruguay, and Paraguay (Simo6 and Brescovit 2001;
Martins and Bertani 2007) (Fig. 2c). According to Simé (1984) and Simé and
Brescovit (2001), this species was probably introduced into Uruguay and parts of
Argentina along with imported bananas. Previous taxonomic denominations such as
Ctenus ferus, C. nigriventer, C. medius and P. fera are considered synonyms of
P. nigriventer (Schenberg and Pereira-Lima 1978; Lucas 2015). The venom of
P. nigriventer is highly toxic and is the most studied of Phoneutria spp. Apart
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Fig. 2 Non-Amazonian Phoneutria spp. (a—c) P. nigriventer, (a—b) — female and (¢) — map with
records (red dots). (d—f) P. keyserlingi, (d—e) — female and (f) — map with records. (g—i)
P, eickstedtae, (g-h) — female and (i) — map with records (Photographs: R. Bertani©)
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Fig. 3 Non-Amazonian Phoneutria spp. (a—c) P. pertyi, (a—b) — female and (¢) — map with records.

(d—e) P. bahiensis, (d) — female and (e) — map with records (Photographs: R. Bertani®)

from P. nigriventer, two other Phoneutria species have been identified in southern
and southeastern Brazil, namely, P. keyserlingi (southern and southeastern region)
and P. perty (southeastern region) (Martins and Bertani 2007); however, no con-
firmed bites by these species have been described.

Phoneutria nigriventer is native to the Brazilian Atlantic Rainforest but can
assume synanthropic habits in disturbed areas close to forest remnants. Conse-
quently, this species is frequently encountered near human dwellings, where it
finds shelter and abundant prey such as other spiders and insects (e.g., cockroaches,
crickets) (Lucas 1988). These spiders live beneath fallen trees, in gaps in walls, in
bundles of sticks, and in rubbish dumps, banana bunches, palm trees, and brome-
liads. Indoors, these spiders hide during daytime in dark places such as shoes, chests,
and under doorknobs (Lucas 1988). This behavior may help to explain the large
number of bites in humans that occur inside houses during the day in Brazil, in both
urban and rural settings, with most bites involving the feet and hands (Rosenfeld 1972;
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Table 1 Color patterns that aid in the identification of non-Amazonian (A) and Amazonian
(B) Phoneutria spp.

A
Species Abdominal ventral pattern Abdominal dorsal pattern
P. bahiensis Brown Homogeneous, lacking dots
or folium
P, eickstedtae | Black with a longitudinal series of white dots Folium
P. keyserlingi | Orange® Black dots
P. nigriventer | Black® Folium
P. pertyi Light brown with two short black areas and a Folium
series of light dots
B
Color of female Color of male
Dorsal dark Abdominal anterior legs anterior legs
Species stripe on palp | dorsal pattern | ventrally ventrally
P. boliviensis | Double White dots Femur and other Yellow
appendages golden
P, fera Single Folium Light brown Light brown
P, reidyi Double White dots Only femur yellow Very dark

*Males of P. nigriventer and P. keyserlingi have an orange abdomen ventrally

Bucaretchi et al. 2000; Antunes and Malaque 2003; Cardoso et al. 2011), and also
during work activities, such as civil construction, farming, or handling and trading
bananas (Belluomini et al. 1987; Bucaretchi et al. 2000).

In southern Brazil, mating in P. nigriventer occurs from April to July, when
mature males and females are more active and most frequently observed; females
with egg sacs appear in mid-July (Biicherl 1969, 1985; Ramos et al. 1998). This
reproductive behavior may help to explain the greater number of Phoneutria spp.
bites from March to May in Brazil, with a peak in April, at least in southern and
southeastern regions (Bucaretchi et al. 2000; Cardoso et al. 2011; Brasil, Mini-
stério da Saude 2016. Phoneutria nigriventer females construct 1-4 egg sacs and
produce up to 3,000 eggs (Biicherl 1971; Lucas 1988). Despite the large number of
eggs, no more than 2-3 pairs of spiders survive to adulthood (Biicherl 1985).
Depending on the availability of food, young Phoneutria molt five to ten times,
three to seven times, and one to three times in the first, second, and third year of
life, respectively. The spiders become adults in the third year and the maximum
longevity is around 6 years; the male/female ratio varies from 1:3 to 1:5 (Biicherl
1969; Lucas 1988).

Phoneutria nigriventer feeds mainly on insects and other spiders, but large
individuals can potentially prey on small vertebrates (mammals, lizards, and
amphibians); Santana et al. (2009) recorded P. nigriventer preying on a frog. On
the other hand, Phoneutria spp. may be preyed upon by various animals, including
some species of mammals, birds, frogs, lizards, insects, and other spiders. The
same predator species may also be prey of Phoneutria when the spider is larger
than the predator, i.e., the prey-predator relationship depends on the relative size in



4 Envenomation by Wandering Spiders (Genus Phoneutria) 109

Fig. 4 Amazonian Phoneutria spp. (a—d) P. reidyi, (a—b) — female, (¢) — male and (d) — map with
records. (e-h) P, fera, (e—f) — female, (g) — male and (h) — map with records. (i-1) P. boliviensis, (i-j)
— female, (k) — male and (1) — map with records (Photographs: R. Bertani®)
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Fig. 5 Predation of P. nigriventer by a wasp of the family Pompilidae in a remnant area of
Atlantic Forest (22°51'11”S 47°1'56”"W) in the region of Campinas, SP, southeastern Brazil. In
the left panel, the foraging wasp has not yet encountered the spider (lower left of the photograph),
while in the right panel the wasp is seen attacking and stinging the spider. (Photographs: E.M. De

Capitani®)

relation to the spider. As large specimens of Phoneutria tend to have fewer
predators, most predation on these spiders occurs when they are young (Torres-
Sanchez and Gasnier 2010). Some specialized predators, e.g., wasps of the family
Pompilidae, are known to prey on large spiders such as tarantulas and ctenids,
including Phoneutria (Fig. 5).

The minimum, mean, and maximum dry venom yields obtained by electrical
stimulation (3—4 shocks of 6 V) delivered to the cephalothorax of lightly anesthe-
tized P. nigriventer were reported to be 0.3, 1.25, and 8.0 mg, respectively (Biicherl
1971; Schenberg and Pereira-Lima 1978). Biicherl (1953a), using dry venom from
P. nigriventer, reported subcutaneous (s.c.) and intravenous (i.v.) LDso values in
mice of 0.7 mg/kg and 0.34 mg/kg, respectively. In addition, Biicherl (1953b)
reported that the mean dry venom yield for P. nigriventer in the region of Sao
Paulo (southeastern Brazil) was greater on hot days (mean: 2.0-2.5 mg; maximum of
8 mg) than on cold days (mean: 0.4—0.71 mg; maximum of 8 mg). Ontogenetic
development (Herzig et al. 2004) and sex-related (Herzig et al. 2002) and seasonal
(Btiicherl 1953b) variations may affect venom yield and composition. During
growth, the venom yield increases according to a fourth order function of the
prosoma size that mainly reflects an increase in venom gland volume. In addition,
venom from young instars is not lethal in mice up to a dose of 3.28 mg/kg,
i.v., compared to an LDs, of 0.63 mg/kg and 1.57 mg/kg for venom from adult
females and males, respectively (Herzig et al. 2002, 2004). These features
suggest that ontogenetic changes in the venom protein composition of growing
P. nigriventer may involve an increase in lethality in vertebrates (Herzig et al.
2004).
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The practical relevance of these differences in venom composition and lethality is
unclear as there has been no systematic assessment of the influence of spider sex or
age on the clinical manifestations of envenomation. Although it is tempting to
suggest that because of their greater venom yield and lethality bites by adult female
P nigriventer could place more vulnerable groups, such as children and elderly
people, at greater risk of more serious manifestations after envenomation, there is
little evidence that this is the case. Only two abstracts have reported the frequency of
bites in relation to the sex of the spider, but the findings were not consistent. Coelho
and Gongalves Jr (1993) stated that most of the Phoneutria bites in a case series in
the southern Brazilian state of Santa Catarina were caused by males, whereas Ribeiro
et al. (2001) reported that most of the bites in Sdo Paulo City and surroundings were
caused by adult female P. nigriventer. In agreement with the latter finding, in two
well-documented cases of severe envenomation, the spiders responsible were adult
female P. nigriventer (Zannin et al. 2005; Bucaretchi et al. 2008) (see Tables 2, 3,
and 4).

Clinical Envenoming
Epidemiology

Most of the clinically important bites involving Phoneutria spp. are from Brazil
(Brazil and Vellard 1925, 1926; Vellard 1936; Fonseca 1949; Rosenfeld 1972;
Ribeiro et al. 1984, 2001; Coelho and Gongalves Jr. 1993; Brasil, Ministério da
Saude 1998; Bucaretchi et al. 1993, 2000, 2008; Miranda et al. 2000; Antunes and
Malaque 2003; Zannin et al. 2005; Cardoso et al. 2011) (Table 2). According to the
Brazilian Notifiable Diseases Information System (SINAN), Phoneutria spp. are the
second most important cause of bites by venomous spiders in this country, with
20,132 cases being reported from 2010 to 2014 (~4,000 cases per year,
corresponding to ~2 cases/100,000 inhabitants), mainly in southern (61.8%) and
southeastern (32.7%) Brazil (Chippaux 2015; Ministério da Saude 2016) (Fig. 6). As
also shown in Fig. 6, most patients (~75%) sought health facilities within 3 h post-
bite, probably in search of alleviation for the immediate, persistent, and intense pain
at the bite site. The Brazilian states with the highest incidences of Phoneutria spp.
bites are Santa Catarina (15 cases per 100,000 inhabitants), Parana (10 cases per
100,000 inhabitants), and Rio Grande do Sul (3.5 cases per 100,000 inhabitants), all
of them in southern Brazil (Fig. 7). However, the true incidence is probably lower
than that suggested here since some cases reported as bites by Phoneutria spp. were
probably misdiagnosed and likely to have been caused by Ctenus spp.

Most of the bites by Phoneutria spp. in Brazil occur in April (Bucaretchi et al.
2000; Cardoso et al. 2011; Brasil, Ministario da Satde 2016), which coincides with
the beginning of the mating season for P. nigriventer in southern and southeastern
regions of the country (Biicherl 1985; Ramos et al. 1998) (Fig. 8). The majority of
cases involve males bitten during the day, at home or during work activities
(Bucaretchi et al. 2000; Antunes and Malaque 2003; Cardoso et al. 2011) (Fig. 9).
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Bites by Phoneutria spp. in Brazil (2010 to 2014, N = 20,132)
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Fig. 6 Bites by Phoneutria spp. in Brazil (2010-2014). (a) Geographic regions of Brazil. (b)
Incidence of bites by Phoneutria spp. in relation to geographic region (cases per 100,000 popula-
tion). (¢) Time elapsed between the bite and admission to health facilities (Based on data from the
Brazilian Notifiable Diseases Information System, SINAN, Brasil, Ministério da Saude 2016). NR
not reported. Region abbreviations: NO North, NE Northeast, CW Central-West, SE Southeast, SO
South. State abbreviations: AC Acre, AL Alagoas, AM Amazonas, AP Amapa, B4 Bahia, CE Ceara,
DF Distrito Federal (Federal Capital Territory), ES Espirito Santo, GO Goids, MA Maranhdo, MG
Minas Gerais, MS Mato Grosso do Sul, MT Mato Grosso, PA Para, PB Paraiba, PE Pernambuco, P/
Piaui, PR Parana, RJ Rio de Janeiro, RN Rio Grande do Norte, RO Rondbnia, RR Roraima, RS Rio
Grande do Sul, SC Santa Catarina, SE Sergipe, SP Sao Paulo, 70 Tocantins

According to Antunes and Malaque (2003), an analysis of 345 patients bitten by
Phoneutria spp. admitted to the Hospital Vital Brazil at the Instituto Butantan in Sao
Paulo City showed that most bites occurred while house cleaning (37.4%), putting
on shoes (20.5%), and handling bananas or other fruits or vegetables (17%). This
may explain why the hands and feet are the most commonly bitten anatomical sites
(75-88%) (Bucaretchi et al. 2000; Antunes and Malaque 2003) (Fig. 9).

There is little epidemiological information for bites by P. nigriventer in other
South American countries of this species’ range. At least 150 bites by Phoneutria
spp. in humans are reported yearly in Argentina, essentially in the northeastern
region (province of Misiones), and are probably caused by P nigriventer
(de Roodt et al. 2011; Argentina, Ministerio de Salud 2012).

There have been few published reports of bites by Amazonian species of
Phoneutria, and most of them have provided few clinical details. In a written
communication (1982) to Dr. Vera von Eickstedt (a spider taxonomist working at
the Instituto Butantan, Sdo Paulo, SP, Brazil), a missionary working in a village of
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Bites by Phoneutria spp. in Brazil (2010 to 2014, N = 20,132)
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Fig. 7 Incidence of Phoneutria spp. spiders bites in Brazil (cases per 100,000 population) in
relation to the geographical region and state (Based on data from the Brazilian Notifiable Diseases
Information System, SINAN, Brasil, Ministério da Satide 2016). Region abbreviations: NO North,
NE Northeast, CW Central-West, SE Southeast, SO South. State abbreviations: AC Acre, AL
Alagoas, AM Amazonas, AP Amapa, B4 Bahia, CE Ceara, DF Distrito Federal (Federal Capital
Territory), ES Espirito Santo, GO Goias, M4 Maranhao, MG Minas Gerais, MS Mato Grosso do Sul,
MT Mato Grosso, P4 Para, PB Paraiba, PE Pernambuco, P/ Piaui, PR Parana, RJ Rio de Janeiro, RN
Rio Grande do Norte, RO Rondonia, RR Roraima, RS Rio Grande do Sul, SC Santa Catarina, SE
Sergipe, SP Sdo Paulo, TO Tocantins

the Amerindian tribe Xikrin located ~200 km from Maraba in the northern Brazilian
state of Para claimed that Phoneutria reidyi caused five bites a year, with “signif-
icant symptomatology,” and provided a specimen of this species to back up this
claim (von Eickstedt 1982). Trejos et al. (1971) described three bites by wandering
spiders in Guapiles, a region of banana plantations in northeastern Costa Rica. One
spider brought for identification was later identified as a Phoneutria spp. by
Dr. Wolfgang Biicherl (Instituto Butantan). All three bites occurred while those
bitten were handling bananas, and, in two cases, the clinical features and outcome
were detailed. The first patient (65-year-old male), bitten on the hand, developed
intense local and radiating pain, edema of the hand and forearm, nausea, dizziness,
and diaphoresis; he was admitted to a local hospital and discharged after 3 days with
no symptoms. The second case involved a 43-year-old female, also bitten on the
hand. The patient showed intense, radiating local pain, local edema, sweating at the
bite site, nausea, dizziness, and one episode of vomiting and tremors; there was
marked improvement within 36 h post-bite. Considering the geographical region
where the bites occurred, the three cases were probably caused by P. boliviensis (see
Fig. 41).
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Fig. 8 Distribution of bites by Phoneutria spp. in humans according to the month of the year
(Based on data from two referral hospitals in southeastern Brazil (Bucaretchi et al. 2000; Cardoso
et al. 2011) and from the Brazilian Notifiable Diseases Information System (SINAN, Brasil,
Ministério da Saude 2016)). The black double-headed arrow indicates the mating season of
P, nigriventer in the southeastern Brazilian states of Sdo Paulo and Rio de Janeiro (Biicherl 1969,
1985; Ramos et al. 1998)
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Fig. 9 Setting, period of day, and bite site for 422 bites by Phoneutria spp. in Campinas, SP,
southeastern Brazil (Based on data from Bucaretchi et al. 2000)

Castillo and Otero Patifio (2002) mentioned three bites by Phoneutria spp. in the
1990s, in the state of Antioquia, northern Colombia, which they classified as mild
(n = 1) and moderate (n = 2) envenomation; no further details were provided.
More recently, Vargas et al. (2008) and Mena-Mufioz et al. (2016) described three
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cases from two distinct geographical regions of Peru: two from Lima (central Pacific
coast of Peru) and one from Piura (northern Peru). The first two patients (a 30-year-
old female and 55-year-old female) had been working in a fruit market in Lima, with
both being bitten on the hands while handling bananas from the region of Tingo
Maria (central Peruvian jungle). Both patients developed similar clinical features,
such as intense local pain and local edema, with transient mild arterial hypertension
also being detected in the younger patient. Tramadol was used for pain relief in both
cases (Vargas et al. 2008). The third case, from Piura, involved an 11-year-old boy
bitten on the second right toe (the spider was inside his shoe) who developed intense
local pain and paresthesia, mild foot edema, transient priapism, and arterial hyper-
tension (Mena-Mufioz et al. 2016). According to the authors, in the three cases, the
offending spiders were identified as P. nigriventer, a nonindigenous Phoneutria spp.
in Peru. However, close examination of Fig. 1 in Vargas et al. (2008) suggests that
the spider is a female P. reidyi rather than P. nigriventer. In addition, based exclu-
sively on the remaining photographs of the spiders provided in these two reports, it is
not possible to definitively identify the other two species involved. A literature
search turned up no further reports of bites by Phoneutria spp. in Central and
South American countries.

Bites by Phoneutria spp. generally cause only signs/symptoms of local enven-
omation. Life-threatening envenomation is uncommon (~0.5%), with children and
elderly people representing the most vulnerable groups (Bucaretchi et al. 2000;
Cardoso et al. 2011) (Fig. 10 and Table 3). Fifteen deaths attributed to Phoneutria
spp. have been reported in Brazil since 1903. Based on the data provided in the
corresponding reports, two deaths were probably caused by Phoneutria spp., one
was very probably caused by this genus, and in only two cases was there sufficient
detail to provide a causal nexus (see the section “Fatal Cases” below and Table 6).
Although four additional deaths have been reported in the Brazilian Notifiable

Age | [ N=20] |
>70y
| B Dry bite (1.2%)
N =328 Mild (89.8%)
10-70y Moderate (8.5%)
1 M Severe (0.5%)
N =74

<10yF I
R I

0% 20% 40% 60% 80%  100%

Fig. 10 Distribution of bites by Phoneutria spp. according to age subgroup and severity
(N = 422; Based on data from Bucaretchi et al. 2000). Dry bite, no envenomation; mild, local
symptoms exclusively; moderate, systemic envenomation; severe, life-threatening systemic enven-
omation, including one fatal case
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Table 6 Reported cases of fatal envenomation caused by wandering spiders (Phoneutria spp.) in
Brazil

Authors (service, | Year of Year of | Number Case Offending Causal
period) publication | death(s) | of cases | Age, sex description | spider nexus
Brazil and Vellard, | 1925, 1936 | 1903, 2 7 years M; | Few clinical | NBI No
Vellard® NR 45 years M | details
Vellard® 1936 NR 4 10 years M | Some NBI Very
clinical probably
details for (one case)
one case
Fonseca (IB, 1949 NR 1 NR No Ctenus Not
1925-1945) nigriventer® | enough
details
Biicherl® 1972 NR 2 6 months | No clinical | P. nigriventer | Probably,
M; details in both
18 months cases
M
Rosenfeld 1972 1958, 4 NR No NR Not
(HVB-IB, 1959, enough
1954-1965) 1962 details
and
1965
Bucaretchi et al. 2000 1985 1 3years F | Yes Phoneutria Confirmed
(UTH/UNICAMP) (pulmonary | spp.
edema)
Santa Catarina NP 2007 1 4 years M | Yes NBI (positive | Confirmed
PCC (pulmonary | ELISA)®
edema)
Total 15

HVB, Hospital Vital Brazil, Sao Paulo, SP; IB, Instituto Butantan; IVB, Instituto Vital Brazil, Niteroi, RJ; NBI,
not brought for identification; NR, not reported; NP, no published report; PCC, Poison Control Center;
UNICAMP, State University of Campinas, Campinas, SP; UTH, University Teaching Hospital

“The fatal cases were reported by the primary sources (medical doctors and others). A critical analysis of the
original report in which Guimardes (1903) described the death of a 7-year-old child [cited by Brazil and Vellard
(1925)] indicated that the clinical picture (local necrosis, jaundice, and dark urine, suggesting, perhaps,
intravascular hemolysis) was more compatible with fatal systemic envenomation by a brown spider (Loxosceles
spp.) or a necrotizing local infection evolving to sepsis caused by gram-negative bacteria, e.g., Pseudomonas
aeruginosa

Taxonomically, the previous denomination Ctenus nigriventer is considered a synonym of P. nigriventer
°Although the offending spider was not brought for identification, high levels of P. nigriventer venom were
detected by ELISA in a blood sample collected postmortem, thus confirming the envenomation (see Table 4); this
case was partially cited in the case report published by Bucaretchi et al. (2008).

Diseases Information System from 2010 to 2014 (Brasil, Ministério da Satde 2016),
unfortunately, in view of the non-obligatory nature of careful review of the clinical
charts, it is impossible to confirm the causal nexus of these fatal cases.

Clinical Manifestations

Local Features

Intense local pain is the major symptom reported after most Phoneutria spp. bites,
with the frequency ranging from 83% (Ribeiro et al. 2001; n = 1,235) to 96%
(Miranda et al. 2000; n = 116; Antunes and Malaque 2003; n = 345); this pain is
described as distressing or excruciating in several cases. Other local signs observed
at the bite site include swelling, erythema, sweating, muscle fasciculation, presence
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Fig. 11 Local effects observed in two children bitten by wandering spiders (Phoneutria spp.). (a)
Edema of the second right finger and hand and slight erythema of the hand and fingers, in a 6-year-
old girl bitten by P. nigriventer who was admitted to a local emergency department and monitored
by the Campinas Poison Control Center in 2016. (b) Two fang marks (arrows) on the wrist of an
11-month-old girl admitted to the University Teaching Hospital at the State University of Campinas
(UNICAMP), Campinas, SP, Brazil in 1986 and who developed severe envenomation (see Tables 3
and 4). The offending spider was not brought for identification, but according to the patient’s
mother, a large (~10 cm long) spider jumped onto the child’s wrist and bit her; the spider
subsequently assumed a defensive posture with outstretched anterior legs while supporting the
body on the four hind legs (Photographs provided by (a) the doctor who attended the patient at the
local emergency department (the photograph was e-mailed to the Campinas Poison Control Center)
and (b) F. Bucaretchi®)

of fang marks, and paresthesia (Brazil and Vellard 1925, 1926; Vellard 1936;
Trejos et al. 1971; Ribeiro et al. 1984, 2001; Coelho and Gongalves Jr. 1993;
Bucaretchi et al. 1993, 2000, 2008; Miranda et al. 2000; Antunes and Malaque
2003; Vargas et al. 2008; Cardoso et al. 2011; Mena-Muiloz et al. 2016). Figure 11
shows the local edema, erythema and fang marks in two children bitten by
Phoneutria spp. Pain starts immediately after the bite, radiates to other regions
associated with the bite site in ~25% of the cases, and generally lasts 24-48 h;
analgesics and local infiltration with anesthetics (lidocaine) are generally required
for relief (Fleury 1964; Coelho and Gongalves Jr. 1993; Miranda et al. 2000;
Bucaretchi et al. 2000; Antunes and Malaque 2003; Cardoso et al. 2011).

Figure 12 shows the frequency of local features in 422 patients bitten by
Phoneutria spp. compared to those of 1,327 patients stung by scorpions (Zityus
serrulatus and Tityus bahiensis), admitted to the same emergency department
(Bucaretchi et al. 2000, 2014). There is considerable similarity in the local manifes-
tations and their frequency in both types of envenomation. However, local edema is
apparently more intense in patients bitten by Phoneutria spp., as are sweating and
the presence of fang marks, when compared to scorpion stings.

Systemic Features

Systemic manifestations are considerably less common than local effects, occurring
in 9% (Bucaretchi et al. 2000) to 27% (Ribeiro et al. 2001) of case series; the latter
authors only mentioned the severity of the bites (N = 1,235 cases recorded at the
Hospital Vital Brazil, Instituto Butantan, Sdo Paulo, 1988—1991) in their abstract
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Fig. 12 Local features in 422 patients bitten by Phoneutria spp. compared to 1,327 patients stung
by scorpions (Zityus spp.), admitted to the same emergency department (University Teaching
Hospital at UNICAMP) and monitored by the Campinas Poison Control Center (Based on data
from Bucaretchi et al. 2000, 2014)

(moderate envenomation = 25.4%, severe envenomation = 1.6%) without describ-
ing the systemic clinical features involved. The signs/symptoms described in case
reports and case series include blurred vision, diaphoresis, arterial hypertension,
tachycardia, bradycardia, sialorrhea, rhinorrhea, agitation, prostration, vomiting,
tachypnea, bradypnea, pallor, hypothermia, abdominal pain, thoracic pain, trismus,
cramps, diarrhea, and priapism (Brazil and Vellard 1925, 1926; Vellard 1936;
Fonseca 1949; Coelho and Gongalves Jr. 1993; Bucaretchi et al. 1993, 2000,
2008; Zannin et al. 2005; Cardoso et al. 2011).

In an analysis of 46 patients bitten by Phoneutria spp. who developed systemic
manifestations and were treated at the Hospital Vital Brazil, Instituto Butantan
(1989-1998), Cardoso et al. (2011) classified the cases in three age groups (<15
years old, n = 21; 15-60 years old, n = 16; >60 years old, n = 9) and noted that
priapism (n = 12), vomiting (n = 6), and diaphoresis and sialorrhea (n = 5) were
the most frequent signs in children <15 years old, whereas arterial hypertension
(15-60 years old, n = 13; >60 years old, n = 10), diaphoresis (15-60 years old,
n = 14; >60 years old, n = 4), and tremors (15-60 years old, n = 5; >60 years old,
n = 2) were the most frequent signs detected in these older groups; only one patient
in the 15-60-year-old group developed priapism. Table 3 summarizes the local and
systemic manifestations observed in 10 severe cases and two fatal cases of
envenomation.

Life-threatening manifestations include filiform pulse, poor peripheral perfusion
(capillary refill time >2 s), and hypotension, indicative of shock, whereas dyspnea,
crepitant rales in pulmonary bases, wheezing, or cough with frothy sputum tinged
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with blood are associated with pulmonary edema. Shock and pulmonary edema are
the main severe complications of envenomation by Phoneutria spp. (Bucaretchi
et al. 2000; Zannin et al. 2005; Cardoso et al. 2011). Other very uncommon
features of severe envenomation include arrhythmias with low cardiac output
and seizures (Fonseca 1949; Bucaretchi et al. 2000; unpublished data from the
Campinas Poison Control Center (Table 3). As indicated in Table 3, there is a
report of a 75-year-old male who was bitten on the neck by a wandering spider that
was not brought for identification. The patient developed pulmonary edema, atrial
fibrillation with rapid ventricular rate, and hypotension/shock (BP = 80/40
mmHg) and was successfully treated at two regional hospitals with antivenom,
electric cardioversion, oxygen, furosemide, and a continuous infusion of dopa-
mine/noradrenaline.

Classification of the Severity of Envenomation

Based on the clinical manifestations, the Brazilian Ministry of Health guidelines
(Brasil, Ministério da Saude 1998, 2014) have classified envenomation by
Phoneutria spp. as:

Mild: involves essentially local effects/responses such as pain, edema, hyperemia,
radiating pain, local sweating, and/or paresthesia. The pain felt by the patient may
lead to tachycardia and agitation.

Moderate: local manifestations coupled with systemic features such as hypertension,
tachycardia, “blurred” vision, occasional vomiting, agitation/restlessness, and/or
sweating.

Severe: in addition to the clinical features associated with moderate envenomation,
severe cases also show diaphoresis, diarrhea, frequent vomiting, somnolence/
lethargy, bradycardia, hypertonia, seizures, priapism, sialorrhea, cardiac arrhyth-
mias, cyanosis, shock, and/or pulmonary edema.

However, this classification is not totally satisfactory and requires revision. For
example, should a patient with excruciating pain who requires more than two local
infiltrations with anesthetics and opioids and who may also require several hours of
treatment in an emergency department be classified as a case of mild envenomation?
Using a standardized validated scale for grading the severity of poisoning (Poisoning
Severity Score — PSS), a patient with pronounced and prolonged symptoms, as in the
example above, should be classified as moderate envenomation, i.e., PSS = 2
(Persson et al. 1998). Based on the clinical features observed during envenomation
and the associated outcome, a modified system for classifying envenomation that
includes five categories is proposed here, namely:

Dry bites: no envenomation
Local envenomation: pain, edema, hyperemia, radiating pain, local sweating, local
fasciculation, and/or paresthesia
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Systemic envenomation: in addition to local manifestations, hypertension, tachycar-
dia, “blurred” vision, vomiting, agitation/restlessness, somnolence/lethargy, dia-
phoresis, priapism, diarrhea, hypertonia, sialorrhea, rhinorrhea, abdominal pain,
thoracic pain, pallor, and/or hypothermia

Life-threatening systemic envenomation: pulmonary edema, seizures, bradycardia,
or severe arrhythmias that potentially may evolve to low cardiac output, cardiac
failure, and shock

Fatal: death caused directly by envenomation or secondary to venom-related com-
plications such as respiratory failure

This proposed new classification is similar to that used for scorpionism based on
an international consensus regarding the natural history of scorpion stings (Khattabi
et al. 2011). Although this proposed classification might be useful for assessing
outcomes and for comparing studies from different regions, it still requires rigorous
validation.

Laboratory Alterations

There is very little information on the changes in clinical laboratory parameters in
patients bitten by Phoneutria spp. Indeed, such information has been reported in
only seven cases, five classified as severe envenomation and two as fatal envenom-
ation due to pulmonary edema (Table 4). Leukocytosis (n = 6), hyperglycemia
(n = 5), hypoxemia (n = 2), and metabolic acidosis (n = 4) were the main
changes. These findings are compatible with increased sympathetic activity (hyper-
glycemia and leukocytosis), poor peripheral perfusion (metabolic acidosis and
lactate increase), systemic inflammatory response (leukocytosis), and pulmonary
edema (hypoxemia). In two cases, blood venom levels were quantified with an
enzyme-linked immunosorbent assay (ELISA) and found to be above the cutoff in
both patients, with one sample collected postmortem (Table 4).

Treatment

Antivenom Therapy

Antiarachnid antivenom.has been produced in Brazil since 1924-1925 (Instituto
Butantan), with the first report of its therapeutic use dating from 1926, when it was
used to treat severe envenomation in a 45-year-old male bitten by Ctenus (=
Phoneutria) nigriventer (Brazil and Vellard 1926) (Tables 2 and 3). The chronolog-
ical order of spider antivenom production by the Instituto Butantan is indicated
below (based on Lucas 2015):

1924-1925: Ctenus antivenom and Lycosa antivenom produced on a small scale
from 1926 onward
1958: Lycosa antivenom and Ctenus antivenom
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1963: Ctenus-Lycosa antivenom

1964: Ctenus antivenom, Lycosa antivenom, and Loxosceles antivenom (produced
until 1984)

1984: Loxosceles antivenom and Phoneutria antivenom

From 1925 to the 1950s, macerated desiccated venom glands of P. nigriventer
were used for antivenom production (Brazil and Vellard 1926; Lucas 2015). In 1953,
with the aim of improving the quality and amount of venom collected for antivenom
production, Biicherl (1953a) developed a method to obtain pure venom from
Phoneutria spp. that involved using two long glass pipettes joined at their ends by
a thin elastic rubber tube. This device was introduced into the cage containing the
spider, and, when the tube was bitten by the spider, small drops of venom were
deposited in the tube lumen. Subsequently, in the same year, Biicherl (1953b)
introduced the use of electrical stimulation to obtain Phoneutria venom, a method
that is still used to milk these spiders (Lucas 2015).

Currently, Brazilian antiarachnid/antiscorpionic antivenom is obtained by immu-
nizing horses with a pool of venoms from the spiders P. nigriventer (21.5%) and
Loxosceles gaucho (brown spider; 21.5%) and the scorpion 7. serrulatus (57%)
(Barbaro et al. 2005). According to the official Brazilian manufacturer (Instituto
Butantan), 1 mL of antivenom [soro antiaracnidico (Phoneutria e Loxosceles) e
antiescorpionico; Fab,, 1 vial = 5 mL] neutralizes 1.5 minimum lethal doses (1.5
LD o) of P. nigriventer reference venom in guinea pigs, which means that 1 mL of
antiarachnid/antiscorpionic antivenom neutralizes 0.45 mg of P. nigriventer refer-
ence venom in guinea pigs. With the exception of P. nigriventer, no studies have
analyzed the cross-neutralization of Brazilian antiarachnid antivenom against other
non-Amazonian and Amazonian Phoneutria spp. This is an unusual situation given
that this antiarachnid/antiscorpionic antivenom is the only one available in the world
for treating patients bitten by Phoneutria spp. Recent experimental results have
raised the possibility that Argentina may produce an Fab, antivenom raised against
the venom of P. nigriventer from the province of Misiones in northeastern Argentina
(de Roodt et al. 2011).

The benefit of using antiarachnid antivenom for envenoming by Phoneutria spp.
in Brazil, as recorded in case series and case reports, has been based exclusively on
personal clinical impressions (Table 3). From 1926 to the 1940s, antiarachnid
antivenoms in Brazil were commonly administered subcutaneously or intramuscu-
larly (Brazil and Vellard 1926; Vellard 1936; Fonseca 1949), whereas from 1945 to
the 1980s, they were administered by two routes (subcutaneously and intravenously)
simultaneously (Sao Paulo, Secretaria de Estado da Saude 1982). Analysis of the
early case series showed that most patients envenomed by Phoneutria spp. from
1926 to 1945 and monitored by the Instituto Butantan were treated with antivenom
(Table 2). From 1981 onwards, there was a decrease in the use of antivenom to treat
envenomation by Phoneutria spp., primarily because of stricter criteria for anti-
venom administration (antivenom indicated only for patients with important sys-
temic manifestations) and the exclusive use of the intravenous route for injection
(Tables 2 and 3). According to Cardoso et al. (2011), an important therapeutic
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Fig. 13 Therapeutic approaches (local anesthesia, number of local anesthetic infiltrations, and
antivenom administration) used in patients bitten by Phoneutria spp (Based on data from two
referral hospitals in southeastern Brazil (Bucaretchi et al. 2000; Cardoso et al. 2011) and from the
Brazilian Notifiable Diseases Information System (SINAN, Brasil, Ministério da Saude 2016))

measure that led to a widespread reduction in the use of antiarachnid antivenom for
envenomations by Phoneutria spp. treated at the Hospital Vital Brazil in the Instituto
Butantan was the successful introduction of local anesthesia for treating the intense
local pain caused by these bites. The use of local anesthetics was introduced in 1953
but was first reported by Fleury in 1964 and has been used ever since.

Since 1992, the Brazilian Ministry of Health has recommended the use of
antiarachnid antivenom given intravenously and only for patients with important
systemic manifestations, mainly children (Brasil, Ministério da Saude 1992, 1998,
2014). Figure 13 shows the frequency of therapeutic approaches (local anesthesia
and antivenom) used by two referral services in the state of Sdo Paulo, southeastern
Brazil (Hospital Vital Brazil, Instituto Butantan, Sao Paulo, SP, and the University
Teaching Hospital of the State University of Campinas (UNICAMP), Campinas, SP),
to treat patients bitten by Phoneutria spp., as well as the frequency of antivenom use
reported by the Brazilian Notifiable Diseases Information System (Brasil, Ministério
da Satude 2016). These data indicate that the frequency of antiarachnid antivenom use
was similar in the two referral hospitals (3.3% for Hospital Vital Brazil and 2.3% for
the University Teaching Hospital at UNICAMP). However, for Brazil as a whole, the
data from the Brazilian Notifiable Diseases Information System (2010-2014) indi-
cate that the frequency of antivenom use in patients bitten by Phoneutria spp. is
significantly greater than observed at these two hospitals (2,155/20,000 notifications,
i.e., 10.8%), a finding suggestive of the wasteful use of a limited resource.

Early adverse reactions to antiarachnid antivenom have not been described in
case series and case reports. Bucaretchi et al. (2000) reported no reactions in ten
patients with systemic envenomation by Phoneutria spp. who were treated with
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antivenom i.v. (eight classified as moderate and two as severe, with one fatal
outcome; eight of the cases involved patients <10 years old; median of five vials/
patient). In addition, none of the other eight severe cases treated with antivenom
described in Table 3 showed adverse reactions to antivenom. Based on the physio-
pathology of envenomation by Phoneutria spp., it is possible that increased adren-
ergic activity associated with systemic envenomation may have protected the
patients against adverse reactions to the antivenom, in a manner similar to that
postulated for scorpion envenomation (Amaral et al. 1994).

Ancillary Measures

Immediate and continued pain at the bite site is the major complaint reported by most
patients bitten by Phoneutria spp., sometimes described as distressing or excruciat-
ing. Therefore, effective symptomatic efforts to relieve pain are essential. As men-
tioned above, a new paradigm was established in Brazil in 1953 when Dr. Fleury,
working at the Hospital Vital Brazil (Instituto Butantan), started to treat local intense
pain with infiltrations of local anesthetic (Fleury 1964). According to two case series
studies (Bucaretchi et al. 2000; Cardoso et al. 2011), local anesthesia (2% lidocaine
without vasoconstrictors) was used in 52.6% and 77% of the patients bitten by
Phoneutria spp., respectively, with ~15% requiring two or more local infiltrations
(Fig. 13). Although the frequency of local pain detected in patients bitten by
Phoneutria spp. or stung by scorpions (T. serrulatus or T. bahiensis) is similar
(Fig. 12), the patients bitten by wandering spiders required greater doses of local
anesthetic for effective pain relief, suggesting that this symptom is more intense after
Phoneutria spp. bites (Bucaretchi et al. 2000, 2014) (Fig. 14). In contrast, severe

50
Two or more infiltrations (local anesthesia):
Phoneutria spp. bites = 14.7%

40 Scorpion (Tityus spp.) stings = 5.2%
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B Phoneutria spp bites (N= 422; 1984-1996) O Scorpion stings (N= 1,327; 199-2011)

Fig. 14 Therapeutic approaches used to treat local pain in 422 patients bitten by Phoneutria spp.
compared to 1,327 patients stung by scorpions (7ityus spp.) admitted to the same emergency
department (University Teaching Hospital, UNICAMP) and monitored by the Campinas Poison
Control Center (Based on data from Bucaretchi et al. (2000, 2014))
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envenomation is more frequent after scorpion stings, with a higher frequency of
antivenom use and a greater need for life-support measures.

In addition to local anesthetics, analgesics have also been used to control local
pain. The most frequently used have included dipyrone for oral or intravenous use,
paracetamol or paracetamol/codeine preparations, and other opioids such as mor-
phine or tramadol; preparations of paracetamol for intravenous use are not available
in Brazil (Fig. 14).

Although uncommon, supportive treatment is essential in patients with life-
threatening systemic envenomation and includes the use of inotropes/vasopressors
for myocardial depression and shock, mechanical ventilation in individuals with
respiratory failure, and cardioversion for arrhythmias with low cardiac output
(Table 3). It is worth pointing out that in two reported deaths caused by Phoneutria
spp., antiarachnid antivenom had already been used (Fonseca 1949; Bucaretchi et al.
2000). This finding indicates that, in addition to antivenom, life-support measures
may be necessary to achieve a better prognosis for uncommon life-threatening
envenomation caused by Phoneutria spp.

In the last 5 years, the Campinas PCC has adopted an algorithm to provide a more
rational approach for treating local pain in patients bitten by Phoneutria spp., as shown
in Fig. 15. According to this algorithm, local anesthesia is indicated for patients
suffering from intense local pain, i.e., score >7 on a pain rating scale of 0—10. Figure 16
shows a proposed algorithm for the treatment of patients bitten by Phoneutria spp.
in Brazil based on the clinical manifestations (local, systemic, and life-threatening
envenomation), with the doses of antivenom in agreement with the latest recom-
mendation of the Brazilian Ministry of Health (Brasil, Ministério da Satde 2014).

{ Phoneutria spp. spider bite }

|

/\‘
| |

Analgesics PO Analgesics IV (dipyrone) Local anesthesia +
(dipyrone or paracetamol) OR X dipyrone IV
paracetamol + codeine PO

Pain improvement Pain improvement

Pain . o No pain improvement
improvement within 2 h within 2 h within 30 min OR pain
within 30 min. (PRS <5) (PRS <5) recurrence with PRS >7

DISCHARGE with a prescription of analgesics Repeat local anesthesia or use
(dipyrone or association of opioids such as morphine (SC or

paracetamol/codeine PO) for 24-48 h Pain improvement IV) or tramadol (IV)
within 6 h (PRS <5)

Fig. 15 Algorithm for the treatment of local pain in patients bitten by Phoneutria spp. as used by
the Campinas Poison Control Center (Campinas, SP, Brazil). PRS pain rating scale of 0-10, IV
intravenous, SC subcutaneous, PO per oral
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Suspected OR confirmed
Phoneutria spp. spider bite

Suspected OR confirmed
/ envenomation \

. . Systemic manifestations Life-threatening
Only local manifestations, such as tachycardia, hypertension, systemic manifestations
such as pain, radiating pain, “blurred” vision, agitation/restlessness, such as seizures
edema, hyperemia, local somnolence/lethargy, frequent severe cardiac arrhythmias
sweating and paresthesia vomiting, diarrhea, priapism, hypotension/shock and
diaphoresis and sialorrhea pulmonary edema

Pain relievers/ Aar AV: 3 vials IV Aar AV: 6 vials IV
local anesthesia life support

Fig. 16 Algorithm for the treatment of patients bitten by Phoneutria spp. in Brazil (Modified from
the Brazilian Ministry of Health 2014). Aar AV antiarachnid antivenom (Instituto Butantan, Sao
Paulo, Brazil; Fab,, 1 vial = 5 mL, equine origin), /V intravenous

Physiopathology of Envenomation

Phoneutria spp. venoms contain proteins (e.g., hyaluronidase, phospholipase, and
serine proteases) (Richardson et al. 2006; Okamoto et al. 2009; Gewehr et al. 2013),
numerous peptides (ion channel activators and blockers and tachykinin-like pep-
tides) (Pimenta et al. 2005; Richardson et al. 2006; Gomez et al. 2002; De Lima et al.
2016), and low molecular substances such as amines (histamine, serotonin)
(Schenberg and Pereira-Lima 1966, 1971; Pimenta et al. 2005; Gewehr et al.
2013). As with clinical investigations, the best characterized venom is that of
P nigriventer, although the venoms of other species of this genus (P. reidyi,
P. keyserlingi) have been studied (Richardson et al. 2006). Although P. nigriventer
venom (PNV) has been studied for ~90 years (Brazil and Vellard 1925, 1926),
relatively few of the estimated >150 components of this venom (Richardson et al.
2006) have been investigated in detail (De Lima et al. 2016). In addition, one of the
challenges in studying these toxins is determining to what extent the biological
activities of purified toxins observed in mammalian vertebrates, primarily rodents,
are directly applicable to humans. Thus, while several toxins have been identified
that, in rodents, can reproduce the clinical manifestations seen in humans, it is
unclear whether these same toxins are responsible for the corresponding phenomena
in human envenomation. Interspecies variations in the responses to venom have
been observed in the case of skin edema induced by PNV in rabbits and rats: in
rabbits this edema is essentially mediated by activation of the tissue kallikrein-
kinin system (KKS), with bradykinin playing a major role in the responses
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(Marangoni et al. 1993a; Antunes et al. 1993b), whereas in rats, the venom-
induced edema is mediated by neuropeptides (tachykinins/neurokinins) rather
than the KKS (Palframan et al. 1996; Costa et al. 1997, 2000); this divergence
reflects differences in the relative importance of the tissue KKS between species
(Farsky et al. 2005). Despite the limitations indicated above, studies of venom and
purified toxins in animal models have provided important information on several
phenomena associated with envenomation in humans, as discussed below.

Table 5 summarizes the principal toxin groups identified so far in PNV, with an
indication of their primary mode of action and corresponding physiological man-
ifestations during envenomation. Most of the toxins in the first four groups are ion
channel modulators that act on Na" channels to affect neuronal excitability and on
Ca*" and K" channels to enhance or attenuate the release of neurotransmitters such
as acetylcholine and glutamate. The most lethal toxins belong to the first three
groups (PhTx1, PhTx2, and PhTx3) indicated in the table. Of these, the PhTx2
group contains the most active toxins, with the two best characterized being
PnTx2-5 and PnTx2-6, both of which cause scratching, lachrymation, hyper-
salivation, sweating, agitation, priapism, and spastic paralysis. Toxins in the
remaining groups either affect ion channels (4.0 kDa peptides) and nonvascular
smooth muscle activity (PhM toxins) or show little or no toxicity in mammals
(rodents) (PnTx4 toxins and 3.5 kDa peptides). Nigriventrine, a 422 Da nonprotein
neurotoxin, produces convulsions and tonic-clonic crises in mice by poorly under-
stood mechanisms, while the three types of enzymes (hyaluronidase, phospholi-
pase A,, and serine proteases) may contribute primarily to local effects (edema and
pain) of the venom.

Pain

As indicated above, pain (sometimes excruciating) is the major local effect reported
after P. nigriventer bites, occurring in ~90% of cases. Studies in rats suggest that
hyperalgesia induced by PNV involves peripheral (tachykinin NK; and NK, and
glutamate N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) receptors), although none of these mechanisms is
apparently involved in venom-induced rat hind-paw edema (Zanchet and Cury
2003). In addition, central (spinal) mechanisms involving neurokinins, excitatory
amino acids, nitric oxide (NO) produced by inducible NO synthase (iNOS), pro-
inflammatory cytokines (tumor necrosis factor « — TNFa — and interleukin-f1), and
prostanoids have also been implicated in this pain (Zanchet et al. 2004; Costa et al.
2006). The activation of serotonin SHT, receptors in the vagus nerve may also be an
important factor in venom-induced hyperalgesia (Costa et al. 2003). More recent
work has confirmed the involvement of SHT4 and vanilloid receptors in venom-
induced pain (Gewehr et al. 2013). However, in contrast to rats, peripheral glutamate
and histamine receptors apparently do not contribute to venom-induced pain in mice,
whereas kinins released by tissue kallikrein-like activity of the venom and acting via
bradykinin B2 receptors are involved; tetrodotoxin (TTX)-sensitive Na" channels,
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Table 5 Principal toxin groups of P. nigriventer venom and their biological activities

Toxin
group®
PhTx1

PhTx2

Isoforms

Only PnTx1 — no
isoforms (0.45% of
venom)

Mixture of at least
nine related toxins
(PnTx2-1 to PnTx2-
9), the most lethal
being PnTx2-1,
PnTx2-5, PnTx2-6,
and, to a lesser
extent, PnTx2-9.
The remaining
toxins (PhTx2-2,
PhTx2-3, PhTx2-4,
PhTx2-7, and
PhTx2-8) are much
less active in

Principal target/
mode of action

Voltage-gated Na™
channels (Na,):
binds reversibly to
outer mouth of the
pore (site 1), with
greatest affinity for
Na,1.2. Competitive
blockade by
p-conotoxin GIIIB
but not by
tetrodotoxin (TTX).
Reduces channel
unitary current
through partial
blockade that is state
dependent; no effect
on voltage
dependence. Human
cardiac Na,1.5 and
arthropod Na,
channels insensitive
to PnTx1

Na, channels: delay
(prolongation) of
fast inactivation in
Na, by interacting
with site 3 of these
channels. Voltage-
dependence of Na*
conductance and
inactivation shifted
toward
hyperpolarization
(negative
potentials). No
effect on K*
channels. PnTx2-6

Physiological
manifestations
during envenomation

Excitation,
salivation, tail
elevation, spastic
paralysis after

i.c.v. injection in
mice. No
lachrymation,
priapism, scratching,
or contraction of
guinea pig ileum.
Ultrastructural
alterations to axons
but limited damage
to neuromuscular
junctions and muscle
fibers (myotoxicity
in 20-30% of fibers)
in mouse phrenic
nerve-diaphragm
preparations in vitro;
no change in MEPP
frequency,
membrane resting
potential, or muscle
contractility (1-5 pg/
ml). Lethal (LDs,
45 pg/kg and 61 pg/
kg, i.c.v. for native
and recombinant
toxin, respectively;
LDsg of venom in
mice, 47-50 pg/kg, i.
c.v.)

Excitation: (hyper)
salivation,
lachrymation,
pruritus, sweating,
priapism, agitation,
convulsions, spastic
paralysis, respiratory
distress. Slow
contraction of guinea
pig ileum mediated
by acetylcholine and
not reversed by
washing. Stimulates
neurotransmitter
(acetylcholine,

References

Diniz et al.
(1990)
Rezende Jr
etal. (1991)
Mattiello-
Sverzut et al.
(1998)
Diniz et al.
(2006)
Martin-
Moutot et al.
(2006)

Silva et al.
(2012)

Rezende Jr
etal. (1991)
Cordeiro

et al. (1992)
Aratijo et al.
(1993)
Vital-Brazil
and Fontana
(1993)
Mattiello-
Sverzut and
Cruz-
Hofling
(2000)
Yonamine

(continued)
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Table 5 (continued)

Toxin

group” Isoforms

rodents. PnTx2 —
3.5% of venom

Principal target/
mode of action

shows greatest
affinity for channels
(six times greater
than that of PnTx2-
5) and is the most
potent in slowing
channel inactivation

Physiological

manifestations

during envenomation | References
glutamate) release. et al. (2004)
Membrane Matavel
depolarization and et al. (2009)
increase in MEPP Nunes et al.
frequency in mouse (2012)

phrenic nerve-
diaphragm in vitro.
Electrophysiological
alterations blocked
by TTX.
Myonecrosis
(swelling of SR,
mitochondrial
damage, sarcomere
disorganization,
myofiber
hypercontraction) in
skeletal muscle and
damage to
myelinated neurons
(vacuolation,
swollen
mitochondria, nerve
terminal vesicle
depletion) in mouse
phrenic nerve-
diaphragm
preparations in vitro.
Lethality: LDs, for
PhTx2 fraction in
mice, 1.7 pg/kg,
i.c.v. Lethal doses for
PnTx2-1, PnTx2-5,
and PnTx2-6: 1.62,
0.24, and 0.79,
respectively. PnTx2-
1, PnTx2-5, and
PnTx2-6 cause
scratching,
lachrymation,
hypersalivation,
sweating, agitation,
priapism, and spastic
paralysis; PnTx2-9
causes tail erection,
scratching, and
reduced mobility at
1.40 pg/mouse

(continued)
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Table 5 (continued)

Toxin
group” Isoforms
PhTx3 Mixture of at least

six related toxins
(PnTx3-1 to PnTx3-
6)

Principal target/
mode of action

Voltage-gated Ca**
channels (Ca,):
blockade of L-type
Ca”" channels
(PnTx3-2);
blockade of Ca**
channels:
PQ>R>L>N
(PnTx3-3).
Blockade of
glutamate release
dependent on
extracellular Ca®"
(PnTx3-3)

K" channels:
selective reversible
blockade of
transient outward
(type A) K*
channels (PnTx3-1,
also known as
PhKv); no effect on
other K* channels
(delayed-rectifying,
inward-rectifying,
large conductance
Ca-sensitive,
cardiac outward K"
current — I,,) or T
and L Ca®" channels

F. Bucaretchi et al.

Physiological

manifestations

during envenomation | References
Progressive flaccid Rezende Jr
paralysis that may et al. (1991)
last up to 24 h or Cordeiro
more (PnTx3). For et al. (1993)
PnTx3-3 and PnTx3- | Prado et al.
4 (5 pg/mouse): (1996)
flaccid paralysis and Kushmerick
death in <30 min; et al. (1999)
reduction in Almeida
neurotransmitter etal. (2011)
(acetylcholine,

glutamate) release.
Clockwise gyrations
and flaccid paralysis
after 6 h (PnTx3-2).
PnTx3-1, PnTx3-5,
and PnTx3-6:
posterior limb
paralysis, gradual
decrease in
movement and
aggression.
Lethality: LDsq of
PnTx3 fraction in
mice — 137 pg/kg, 1.
c.V.

Paralysis of posterior
limbs.
Antiarrhythmic
action in myocardial
ischemia
(reperfusion
arrhythmias),
mediated by an
acetylcholine-
dependent
mechanism, i.e.,
nerve stimulation
rather than a direct
action on cardiac
tissue. Enhances the
frequency of
spontaneous MEPPs
(acetylcholine
release) in rat phrenic
nerve-diaphragm

in vitro but no
change in quantal
size or content or in
the kinetics of
evoked end plate
potentials

(continued)
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Table 5 (continued)

Toxin
group®
PhTx4

PhM

Peptides

Isoforms

Mixture of at least
seven toxins (PnTx4
(1)-PnTx4(7)), with
PnTx4-3, PnTx4
(5-5), and PnTx4
(6-1) being the best
studied (especially
the latter two).
PnTx4(6-1) = 0.4%
of venom

Mixture of low
molecular mass
peptides, including
tachykinin-like
peptides

Mixture of low
molecular mass
peptides (3.5—4
kDa)

Principal target/
mode of action

Insect Na,:
prolongs the Na
current (delays
channel
inactivation) by
binding to site 3 of
Na,. Prolongation of
Na current results in
greater
depolarization and
consequent opening
of Ca,, leading to
exocytosis of
neurotransmitter.
Not active on
mammalian Na,.
PnTx4(5-5)
reversibly inhibits
mammalian
glutamate NMDA
receptors; no effect
on other glutamate
(kainate, AMPA) or
GABA receptors

May modulate Ca**
entry into
nonvascular smooth
muscle in a manner
similar to that
described for
vascular smooth
muscle. Interaction
with specific
receptors (in the
case of tachykinin-
like peptides)?

3.5 kDa peptides —
similar in action to
PnTx4 toxins

4.0 kDa peptides —
block L-type Ca**
channels, in a
manner similar to
PnTx3 toxins

Physiological
manifestations
during envenomation
Hyperactivity in
insects: cramps,
quivering, jerking,
writhing, and
trembling leading to
muscle fatigue and
paralysis;
insecticidal. Little
effect in vertebrates:
PnTx4-3, PnTx4
(5-5), and PnTx4
(6-1) not toxic to
mice at 30 pg

i.c.v. (equivalent to
1.5 mg/kg) but
inhibit glutamate
uptake in rat brain
synaptosomes. LDsq
of PhTx4 fraction in
mice = 480 pg/kg,
i.c.v. PnTx4(6-2)
~75-fold less active
in insects but causes
clockwise gyrations
in mice at 5 pg/
mouse

Nonlethal

(0.1-0.3 mg injected
i.c.v. showed no
toxicity in mice).
Contraction of
guinea pig ileum

in vitro

Lethal to insects but
no effect in mice
after i.c.v. injection
Cause spastic
paralysis and death in
mice after

i.c.v. injection
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et al. (1995,
2001)

De Lima
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Oliveira
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Jr. et al.
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et al. (2006)
Lucio et al.
(2008)

(continued)
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Table 5 (continued)

Physiological
Toxin Principal target/ manifestations
group” Isoforms mode of action during envenomation | References
Nigriven | Low molecular mass | Stimulates c-Fos Causes convulsions Gomes et al.
trine (422 Da), expression in and tonic-clonic (2011)
nonprotein various parts of the crises in mice when
neurotoxin brain injected i.c.v. or i.v.,
with the latter route
indicating the toxin
can cross the blood-
brain barrier
Proteins | Hyaluronidase, Hyaluronidase — The presence of these | Richardson
phospholipase A, facilitates venom/ enzymes may et al. (2006)
(PLA;), and toxin diffusion from | enhance vascular Okamoto
proteases (serine site of inoculation permeability/edema et al. (2009)
proteases) by degrading formation and venom | Gewehr

hyaluronic acid and
increasing tissue
permeability

PLA, — may
contribute to edema
by stimulating
formation of
arachidonic acid
metabolites
Proteases (serine
proteases) — may be
involved in
posttranslational
modification of
venom peptides.
May also account
for kallikrein-like
activity of venom

F. Bucaretchi et al.

diffusion from the
site of inoculation.
Formation of kinins
by kallikrein-like
activity may
contribute to pain.
Proteolytic cleavage
may contribute to the
posttranslational
modification and
formation of
additional peptides

et al. (2013)

“Toxin nomenclature based on De Lima et al. (2016) — see this review for nomenclatural variants of
these toxins. i.c.v. — intracerebroventricular, MEPPs, miniature end plate potentials; SR, sarcoplasmic
reticulum

acid-sensitive ion channels (ASIC), and transient receptor potential vanilloid
1 (TRPV1) channels (capsaicin receptor or vanilloid receptor 1) also appear to
participate in the nociceptive response to venom in mice (Gewehr et al. 2013).
Prior to the introduction of local anesthetics, antivenom was widely used to
control venom-induced pain. Although there has been no systematic clinical assess-
ment of the efficacy of antivenom for treating this condition, experiments in mice
indicate that pretreatment with antivenom markedly attenuates venom-induced pain
(by 54%), whereas antivenom given 55 min after venom had no effect on the level of
pain (Gewehr et al. 2013); the latter finding suggests that, at least in mice, once the
sequence of events leading to pain is initiated, the presence of venom toxins may no
longer be necessary, hence the lack of effect of antivenom. This issue has not been
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addressed in clinical trials. The introduction of local anesthetics to control venom-
induced pain in the 1950s (Fleury 1964) led to a subsequent marked decrease in
antivenom use for this purpose. Local anesthetics function through their ability to
block voltage-gated Na" channels activated by venom toxins, thereby preventing
signal (action potential) transmission along sensory neurons. In mice, pretreatment
with local anesthetic (lidocaine) markedly reduces (86%) venom-induced pain,
whereas posttreatment (55 min after venom) has no effect. This finding is at variance
with clinical observations in which the administration of local anesthetic at differing
times after envenomation is effective in abolishing pain; this discrepancy may partly
reflect interspecies differences, particularly with regard to the kinetics of circulating
venom.

In addition to local anesthetics, standard analgesic treatment involving opioids
(morphine, tramadol), dipyrone, and paracetamol (with or without codeine) has been
used to treat venom-induced pain. In mice, dipyrone, morphine, and acetaminophen
are generally more efficacious against this pain when given before venom than after,
whereas for indomethacin the reverse is true (Gewehr et al. 2013). Pretreatment of
rats with cyclooxygenase inhibitors (indomethacin, a nonselective inhibitor, and
celecoxib — a type 2 cyclooxygenase inhibitor) also abolishes the venom-induced
hyperalgesia in rats (Zanchet et al. 2004).

Although these two general approaches (local anesthetics and standard analge-
sics) have been used to treat pain caused by P. nigriventer bites, rigorous clinical
studies are required to establish which treatment is best and what the ideal regimen
should be.

Edema and Inflammation

Swelling, indicative of edema, is the second most common local manifestation
associated with Phoneutria spp. bites, although it is only one-third as common as
pain (Fig. 12). Although occurring in ~33% of P. nigriventer bites, the edema is
generally mild, and its extent is frequently limited to the region bitten (e.g., finger)
and, occasionally, the corresponding member (e.g., hand); extensive local and
regional swelling such as seen with bites by Bothrops snake species is not observed
in P. nigriventer bites. The generally mild edematogenic response is not usually
a cause for clinical concern and frequently resolves without specific intervention. In
agreement with the edema seen clinically, numerous experimental studies have
shown that PNV causes edema in mice (Costa et al. 2006; Gewehr et al. 2013),
rats (Antunes et al. 1992; Palframan et al. 1996; Costa et al. 1997, 2000, 2001), and
rabbits (Antunes et al. 1992, 1993b; Marangoni et al. 1993a). Edema is also observed
with venom from the related Ctenus medius (Okamoto et al. 2009). In rabbits, this
edema is mediated essentially by activation of the tissue KKS, with bradykinin
playing a major role in the responses (Marangoni et al. 1993a; Antunes et al. 1993b;
Bento et al. 1995); histamine is apparently not involved in the venom-induced
edema in rabbits (Antunes et al. 1992). The KKS probably also plays a role in
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venom-induced edema in mice since venom-induced hyperalgesia in this species is
mediated by kinins (Gewehr et al. 2013); in contrast, kinins do not contribute to
venom-induced edema in rats (Palframan et al. 1996). In mice and rats, the venom-
induced skin edema involves amines (Palframan et al. 1996; Costa et al. 2001) and
neuropeptides (tachykinins/neurokinins) (Palframan et al. 1996; Costa et al. 1997,
2000), the latter released from sensory nerves after stimulation of prejunctional
vallinoid receptors by the venom (Costa et al. 1997, 2000, 2001); in contrast, rat
paw edema is reportedly not mediated by tachykinins and excitatory amino acids
such as glutamate (Zanchet and Cury 2003). Part of this discrepancy may reflect
differences in the doses of venom used in these studies.

Hemodynamic Alterations

Hypertension, tachycardia, bradycardia, hypotension, and shock occur to varying
degrees in humans envenomed by P. nigriventer, as shown in Table 3, and may
reflect the release of endogenous mediators such as catecholamines and acetylcho-
line (Bucaretchi et al. 2008). However, studies in animals have yielded divergent
results regarding the role of these mediators in venom-induced hemodynamic
alterations. In anesthetized rats, the intravenous injection of PNV (0.3 mg/kg) pro-
duces a biphasic response in arterial blood pressure characterized by short-lasting
hypotension followed by sustained hypertension; this biphasic response is not seen
with a lower dose of venom (0.1 mg/kg) that produces only transient hypotension
(Costa et al. 1996). The hypotension partly involves the opening of adenosine
5'-triphosphate (ATP)-dependent K" channels, while the prolonged hypertension
results from the direct activation of L-type Ca>" channels, with no role for vasodi-
lators such as acetylcholine, bradykinin, neuropeptides, and NO or vasoconstrictors
such as angiotensin II, arachidonic acid metabolites, catecholamines, and endothelin
(Costa et al. 1996). Similar hemodynamic alterations occur in rabbits, viz., only
hypotension at a dose of 0.1 mg/kg, i.v. and a biphasic response (hypotension
followed by hypertension) at a dose of 1 mg/kg (Estato et al. 2000). The route of
venom administration influences the sensitivity to the responses observed since the
intracerebroventricular (i.c.v.) injection of 0.03—0.1 mg of venom/kg reproduces the
biphasic alterations observed with a venom dose of 1 mg/kg give i.v. Acetylcholine,
bradykinin, angiotensin II, and excitatory amino acids are not involved in the
responses to venom given i.c.v., whereas catecholamines acting via o;-adrenergic
receptors have an important role in the hypertensive phase by enhancing sympathetic
outflow to the periphery (Estato et al. 2000). In addition to these general hemody-
namic effects, PNV directly stimulates guinea pig isolated atria through adrenergic
and cholinergic mechanisms (Vital-Brazil et al. 1988), whereas in rat isolated
perfused hearts, the stimulation is essentially through adrenergic mechanisms
(Costa et al. 1998). While part of this discrepancy may reflect differences in the
innervation of these preparations (predominantly parasympathetic in guinea pigs
compared to sympathetic in rats), it may also reflect the fact that the study in guinea
pigs was done with undialyzed venom, while that in rats used dialyzed venom from
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which some low molecular mass components (peptides and amines such as hista-
mine and serotonin) were probably removed by dialysis. More recent work (Almeida
et al. 2011) has identified a toxin PhKv (=PnTx3-1 of the PhTx3 group of toxins,
Table 5) that attenuates reperfusion arrhythmias in a rat model of myocardial
ischemia; this beneficial effect is blocked by atropine, indicating cholinergic mus-
carinic involvement in the protective action of PhKv. In agreement with this obser-
vation, PhKv causes bradycardia in vitro (rat isolated heart) and in vivo, with an
increase in the RR, PR, and QT intervals. However, PhKv has no direct effect on
cardiomyocyte action potentials or peak Ca>" fluxes in cardiomyocytes in response
to electrical stimulation, i.e., the toxin’s effects are mediated indirectly, primarily via
acetylcholine release. In this regard, PhKv has also been shown to release acetyl-
choline from presynaptic terminals in rat isolated phrenic nerve-diaphragm prepa-
rations (Almeida et al. 2011).

In agreement with the hemodynamic alterations indicated above, PNV directly
contracts blood vessels (Antunes et al. 1993a), and peptides capable of contracting
(Bento et al. 1993; Marangoni et al. 1993b) and relaxing (Weinberg et al. 2002)
vascular smooth muscle have been purified from this venom. Blood vessel contrac-
tion in response to venom is dependent primarily on the entry of external calcium
(Teixeira et al. 2004), and the relaxation is mediated by NO formation, with no
involvement of acetylcholine, kinins, or vasodilatory arachidonic acid metabolites
(Weinberg et al. 2002); the activation of ATP-dependent K™ channels may also be
involved (Costa et al. 1996).

Overall, these findings suggest that, at least in experimental animals, sympathetic
and parasympathetic mechanisms have only a limited role in the hemodynamic
responses to PNV. These mediators may, however, have important participation in
other venom-induced manifestations such as sweating, salivation, lachrymation,
diarrhea, and tremors. The extent to which adrenergic and cholinergic mechanisms
are involved in the hemodynamic and cardiac responses to venom in humans is still
unclear; the quantification of circulating catecholamine levels during envenomation
could be useful in this regard (Bucaretchi et al. 2008).

Priapism

Priapism (long-lasting erections) caused by PNV was initially described in dogs
(Schenberg and Pereira-Lima 1962, 1971), although the phenomenon also occurs
with other arthropod venoms, particularly scorpions (Nunes et al. 2013). Priapism is
not a consistent finding in human envenomations by P. nigriventer, but is most
frequently observed in children with systemic envenomation (Cardoso et al. 2011).
The mechanisms involved in this response include kinin formation via the tissue
KKS and subsequent stimulation of NO release in rabbits (Lopes-Martins et al. 1994;
Rego et al. 1996) and, in rodents, through NO formation stimulated primarily by two
toxins, PhTx2-5 and PhTx2-6, that delay the fast inactivation of voltage-gated Na"
channels (Yonamine et al. 2004; Nunes et al. 2012). Delayed inactivation of these
channels results in greater depolarization that in turn leads to the opening of N-type
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voltage-gated Ca®" (Ca,) channels in nitrergic nerves, with subsequent stimulation
of iINOS and the release of NO [reviewed in Nunes et al. (2013) and De Lima et al.
(2016)]. The action of these toxins appears to be primarily peripheral rather than via
stimulation of the central nervous. The characterization of a potent erectogenic toxin
from P, nigriventer has raised interest in the possibility of using this molecule as a
starting point for the development of novel drugs for the treatment of erectile
dysfunction in a variety of conditions such as aging and vascular dysfunction
associated with diabetes (Silva et al. 2015; De Lima et al. 2016). The central role
of NO in the venom-induced relaxation of corpus cavernosum smooth muscle is
supported by an increase in NO levels detected in an adult patient bitten by
P nigriventer who showed systemic envenomation that included transient severe
hypertension and priapism (Bucaretchi et al. 2008).

Neurological Manifestations

A variety of manifestations such as agitation, hypertonia, inability to stand up or
walk due to spasticity, and prostration seen in humans are suggestive of interfer-
ence with peripheral neurotransmission. In mice, the intramuscular and intraneural
injection of PNV results in exacerbated electrical activity (marked increase in
repetitive end plate potentials and miniature end plate potentials — MEPPs) and
muscle fasciculation that lead to flaccid paralysis with subsequent recovery over
the subsequent 12—14 h, although residual weakness may persist for 2—3 days;
muscle membrane depolarization occurs in the acute phase of envenomation (1.5 h
post-venom) but not at later stages (>3 h post-venom) (Cruz-Héfling et al. 1985).
In rat isolated phrenic nerve-diaphragm preparations, PNV causes muscle mem-
brane depolarization with no change in the duration of muscle action potentials
and an increase in the rate of spontaneous acetylcholine release (= increased
amplitude and frequency of MEPPs); these responses are mediated by the activa-
tion of sodium channels since they are abolished by TTX (Fontana and Vital-
Brazil 1985). Subsequent investigation of the PhTx3 (=PF3) group of toxins
demonstrated neuromuscular blockade through the inhibition of acetylcholine
release in mouse diaphragm, without affecting muscle responses to direct stimu-
lation, in contrast to PNV that affected the responses to both direct and indirect
stimulation; PhTx3 reduced the frequency and amplitude of MEPPs and also
reduced the quantal content in mouse diaphragm muscle, effects that were con-
sidered to reflect diminished entry of extracellular Ca®" into the nerve terminals
(Souccar et al. 1995). In contrast to these findings with the PhTx3 fraction,
individual toxins from this group, e.g., PhKv (PnTx3-1), can stimulate acetylcho-
line release from nerve terminals in rat phrenic nerve-diaphragm preparations
(Almeida et al. 2011). Together, these studies in vitro and in vivo indicate that
PNV can cause reversible neuromuscular blockade that accounts for the venom-
induced flaccid paralysis frequently seen in experimental animals. However,
flaccid paralysis such as frequently described in experimental animals has not
been observed in humans.
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Central Nervous System

Numerous experimental studies in rodents have shown that PNV injected peripher-
ally can affect the permeability of the blood-brain barrier and the expression of a
variety of proteins involved in regulating barrier intactness (reviewed in Cruz-
Hofling et al. 2016). However, it is unclear to what extent these alterations occur
in humans, and their contribution to the clinical manifestations of envenomation is
uncertain.

Other Manifestations

The cyanosis seen in some patients probably reflects a combination of respiratory
disturbances, such as pulmonary edema resulting in poor oxygenation, cardiac
failure/shock, and, more rarely, marked peripheral direct vasoconstriction. Vomiting
and abdominal pain may indicate a stimulatory effect on the gastrointestinal tract,
possibly through a combination involving the activation of autonomic pathways, the
release of neuropeptides, direct activation of smooth muscle by toxins such as PhTx1
(Tx1) (Santos et al. 1999), and the low molecular mass fraction of the venom that
contains tachykinin-like venom peptides (Pimenta et al. 2005). In rats, PNV delays
gastric emptying partly through a catecholamine-mediated mechanism (Bucaretchi
and Collares 1996). Pulmonary edema is a common feature in severe/fatal cases of
envenoming (Table 3), and postmortem histopathological analysis in one fatal case
revealed severe lung congestion (Fig. 17), but with no hemorrhage or inflammatory
response. Toxins that have been shown to cause pulmonary edema and congestion
include PnTx2-5 (Yonamine et al. 2004) and PnTx2-6 (Leite et al. 2012). The

Fig. 17 Histological analysis of lung tissue in a fatal envenomation by Phoneutria spp. in a 3-year-
old girl who developed cardiogenic pulmonary edema. Note the diffuse transudate filling the
alveolar lumen (finely granular pink precipitate), capillary congestion, and lack of inflammatory
cell infiltration (H&E, 100 ). Death occurred 9 h post-bite. This case, which occurred in 1985, was
briefly described in the case series reported by Bucaretchi et al. (2000), although no necropsy
microscopic images were included in the original paper
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intraperitoneal injection of PnTx2-5 in adult mice produces priapism, hyper-
salivation, and death by pulmonary edema and respiratory distress; these effects
were abolished by pretreatment with 7-nitroindazole, a selective neuronal NOS
inhibitor, indicating a possible role for NO in these responses (Yonamine et al.
2004).

Morphological Alterations

Although PNV and its toxins have been shown to cause muscle and nerve lesions in
experimental animals (Cruz-Hofling et al. 1985; Love et al. 1986; Mattiello-Sverzut
et al. 1998; Mattiello-Sverzut and Cruz-Ho6fling 2000), such damage has not been
observed in human envenoming. Lethal cases in humans may be accompanied by
pulmonary edema histologically (Fig. 17), but the effects in other organs have not
been systematically examined. In experimental animals, PNV and its toxins induce
pulmonary edema, vascular congestion, and hemorrhage (Yonamine et al. 2004;
Leite et al. 2012).

Venom Kinetics

Little is known of the kinetics of PNV or its toxins in experimental animals or
humans or of the relationship between circulating venom concentrations and the
clinical manifestations. Circulating venom antigens have been detected by ELISA in
envenomed mice (Chavez-Olortegui et al. 2001) and humans (Chavez-Olortegui
et al. 2001; Bucaretchi et al. 2008), with concentrations in the latter ranging from
11 ng/ml to ~68 ng/ml. In mice injected subcutaneously with venom (0.25 mg/kg),
the peak serum concentration was observed 15 min post-venom and remained
detectable for up to 8 h post-venom (Chavez-Olortegui et al. 2001). With regard
to the tissue distribution of P. migriventer toxins, Yonamine et al. (2005) used
12°labeled PnTx2-6 to examine the tissue distribution of this toxin in mice. In the
circulation (blood), the toxin showed bicompartmental kinetics, with a rapid o phase
and much slower f phase. Accumulation of the toxin was seen in various tissues,
including the lungs (where this toxin causes pulmonary edema) and kidneys (prob-
ably indicative of renal excretion). In a subsequent study, Nunes et al. (2010)
observed preferential accumulation of PnTx2-6 in the penis compared to testicles
and brain after subcutaneous injection, a finding in agreement with this toxin’s
ability to cause priapism.

Fatal Cases
As mentioned previously (see “Epidemiology” in “Clinical Envenoming”), at least

15 deaths attributed to Phoneutria spp. have been reported in Brazil since 1903, with
part of the available data summarized in Table 6. In several cases, clinical details are
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unavailable, with the bites being reported by primary sources such as local medical
doctors and others. These cases are described below in chronological order:

* Dr. J.L. Guimaraes: reported the case of a 7-year-old boy, bitten on the ear by a
“small spider” and who died 17 h post-bite. The case, which occurred in Sao
Paulo City (1903), was cited by Brazil and Vellard (1925) and was described by
Biicherl (1953b) as a possible fatal envenomation caused by Phoneutria spp.
However, examination of the original detailed report (Guimardes 1903) revealed
that the child developed local pain and local necrosis (“gangrene”) at the bite site,
evolving with fever (40.3 °C), intense prostration, jaundice, and dark urine, a
clinical picture more compatible with severe local and systemic envenomation by
a brown spider (Loxosceles spp.) evolving with intravascular hemolysis, or,
perhaps, in view of the rapid evolution, a local necrotizing infection caused by
gram-negative bacteria such as Pseudomonas aeruginosa that resulted in sepsis.
The patient was treated with snake (antiophidic) antivenom antivenom (20 mL
intramuscularly), the only antivenom available at the time.

* Dr. Novaes: described the case of a 45-year-old male bitten on the foot, who
developed intense local pain and generalized hypertonia; death occurred ~3 h
post-bite, in the city of [tanhaém, on the coast of Sdo Paulo state; date not reported
(prior to 1925; cited by Brazil and Vellard 1925).

* Dr. F. Gusmao: described the case of a 10-year-old boy bitten by a spider on the
third right finger, with subsequent intense local pain, trismus, hypertonia, sei-
zures, cyanosis, and respiratory palsy; death occurred ~30—40 min post-bite. This
case may be classified as a very probable fatal envenomation caused by
Phoneutria spp. The same doctor described three more cases cited by Vellard
(1936), all of them involving males, including two slaves; no further clinical
details were provided. All of the cases occurred in the city of Franca, in the state
of Séo Paulo; no date reported (prior to 1936) (Vellard 1936).

» Fonseca (1949): described a fatal case among 415 patients bitten by Phoneutria
spp. and followed up by the Instituto Butantan, from 1925 to 1945. According to
Biicherl (1953b), this fatal case was treated with anti-Crtenus antivenom. No more
published information is available for this case.

* Rosenfeld (1972): described four fatal cases among 3,830 patients bitten by
Phoneutria spp. treated at the Hospital Vital Brazil, Instituto Butantan. These
cases were cited in the list of fatalities among envenomed patients admitted to this
hospital from 1954 to 1965. No more information has been published on these
cases.

» Biicherl (1985): described receiving a bottle with alcohol containing one of the
largest female P. nigriventer that he had ever seen, sent from a Police Station in
the coastal city of Sdo Sebastido, on the coast of Sdo Paulo state. According to the
policeman who brought the bottle, the spider was found under the bedsheet of a
bed shared by two brothers (6 months old and 18 months old), with their father
reporting to the local marshal that the two boys suddenly awoke during the night,
crying and screaming, and died a few hours later. No more details were recorded;
the date of the deaths was not reported (before 1972).
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* Bucaretchi et al. (2000): described the case of a 3-year-old girl bitten by Phoneutria
spp. on the third right finger, in the city of Araras, Sdo Paulo state, and admitted to
the University Teaching Hospital at UNICAMP in 1985, 3 h post-bite. The child
developed intense local pain, agitation, diaphoresis, thoracic pain, vomiting (three
episodes), tachycardia (HR = 120 bpm), and tachypnea (RR = 72 ipm) and was
treated with local anesthesia and antiarachnid antivenom (Instituto Butantan;
5 wvials, 25 mL). During the outcome, she developed diarrhea (5.5 h post-bite),
crepitant rales in both lungs, cyanosis, and dyspnea, compatible with pulmonary
edema (8 h post-bite). In view of the patient’s worsening clinical condition,
additional doses of antivenom (3 vials, 15 mL) were given ~8.5 h post-bite, but
the patient died 9 h post-bite. Mechanical ventilation was not available at the time.
As shown in Table 4, laboratory features revealed hypoxemia, leukocytosis, and
hyperglycemia. Necropsy showed dilatation of the left cardiac ventricle and exten-
sive pulmonary edema at microscopy (Fig. 17). The offending spider was brought
for identification, with no description of the species; however, considering the
geographical distribution, it was probably P. nigriventer (see Fig. 2).

» Santa Catarina PCC (2007): a postmortem blood sample from a 4-year-old boy
was sent to the Laboratory of Toxicology of the Campinas PCC for quantification
of the serum Phoneutria spp. venom concentration. The result was considered
positive (ELISA, 67.8 ng/mL; cutoff = 17.1 ng/mL). According to the summary
on the clinical chart sent by the Santa Catarina PCC, this boy was bitten on one of
his feet by a spider while putting on his shoes (as witnessed by his father). The
patient subsequently developed local pain and vomiting (one episode). At least 6 h
post-bite, there was worsening of the clinical condition, with the child showing
tachycardia, dyspnea, lung crepitant rales, and cyanosis. A chest radiography was
compatible with “acute lung injury”; in sequence, the local medical staff started
supportive life measures (intubation and mechanical ventilation), with an abun-
dant frothy lung secretion being observed during intubation. Laboratory analysis
revealed leukocytosis (Table 4). No antivenom was given. The child expired
~22 h post-bite. The bite occurred in Curitibanos, in the southern Brazilian state
of Santa Catarina. This case was partially cited in the case report published by
Bucaretchi et al. (2008), with comments on the ELISA postmortem result.

The cases described above indicate that of the 15 deaths reportedly caused by
P, nigriventer, two deaths were probably caused by Phoneutria spp., another was
very probably caused by this genus, and two only had sufficient details to confirm a
causal nexus of fatal envenomation caused by Phoneutria spp. (Table 6).

Conclusions and Future Directions

The clinical findings described above indicate that patients bitten by Phoneutria spp.
generally evolve with local manifestations, mainly pain, sometimes reported as
distressing or excruciating. Severe life-threatening envenomation is very uncom-
mon, occurring in <0.5% of the cases, mainly in children.
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With regard to future directions, there is a need for a multicentric, prospective
study to adequately assess the contribution of circulating venom concentrations,
catecholamines, NO, and inflammatory mediators to the range and severity of
clinical manifestations seen after envenoming and their relationship to other vari-
ables, such as the Phoneutria spp. involved, the age, sex and size of the spiders, the
season of the bites, geographical distribution, and venomics. In addition, the new
classification of bite severity proposed here should be validated, as should the
efficacy of the doses of antivenom recently recommended by the (Brasil, Ministério
da Saude 2014) for the treatment of systemic envenomation. Finally, there is a need
for detailed comparative experimental studies of the venoms from other
non-Amazonian and Amazonian Phoneutria spp., including an assessment of their
cross-reactivity and neutralization by Brazilian antiarachnid antivenom.
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Abstract

The Arizona bark scorpion, Centruroides sculpturatus, is the only scorpion
endemic to the United States that produces a systemic envenomation in humans.
Most stings do not result in serious symptoms however, and children are much
more likely than adults to experience life-threatening effects. Serious
envenomations are classified as Grade III and Grade IV. Findings include neuro-
muscular hyperactivity, with myoclonic muscle movements, fasciculations,
thrashing and twisting of the torso, and restless agitation. Cranial nerve findings
also occur and include opsoclonus, with dysconjugate and roving eye move-
ments, as well as tongue fasciculations, hypersalivation, incoordination of pha-
ryngeal muscles, and stridor. Local tissue findings at the sting site do not occur.
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Severe bark scorpion envenomation may be managed with supportive care and
airway interventions as needed. Deaths occur from respiratory failure and hyp-
oxia. An anti-Centruroides antivenom is available for treatment of serious bark
scorpion stings. The antivenom reverses clinical toxicity within about an hour of
administration. With or without antivenom treatment, most patients have full
recovery from the envenomation in about 24 h.

Introduction

Scorpions are found throughout much of the world, with over 1700 species identi-
fied. A relatively small variety of species, numbering in the dozens, are found in
North America, but only Centruroides sculpturatus, commonly known as the
Arizona bark scorpion, is capable of producing envenomation in humans.
C. sculpturatus belongs to the Buthidae family of scorpions and is one of eight
Centruroides species that are dangerous to humans. These other Centruroides
species are found in Mexico. In the United States, C. sculpturatus is found almost
entirely within the state of Arizona. Its range may extend to areas that border
Arizona within New Mexico, California, Utah, and Nevada, with envenomations
reported in the Las Vegas area. The species range also extends to Mexico and Central
America.

Several other scorpion species in the United States have been reported to produce
local or allergic effects in humans, and poison centers receive calls regarding
scorpion stings from across the country (Kang and Brooks 2017). Local and allergic
reactions to stings are not commonly reported however, and have been best associ-
ated with stings by the common striped scorpion, Centruroides vittatus. One study
documented development of IgE antibodies and subsequent allergic reactions in
humans who had been stung by C. vittatus (More et al. 2004). A study of the clinical
effects of stings by Vaejovis spinigerus and Hadrurus hirsutus in rats also demon-
strated development of local edema (Stahnke 1938).

The majority of scorpion stings occur in the southern portion of the United States.
Stings are reported year-round but are more common between March and October
when the weather is warm (Kang and Brooks 2017). As expected, clinical findings
associated with scorpion stings reported to poison centers outside of the southwest-
ern United States typically describe local inflammatory effects such as edema or
erythema. This differs significantly from findings reported in areas where
C. sculpturatus is endemic (Kang and Brooks 2017).

The Arizona bark scorpion is a small yellowish-brown scorpion that is frequently
distinguished from other native similar-appearing species by its ability to climb. It is
often noted to be climbing up a wall or on a ceiling fixture inside residences. Its
inability to climb glass surfaces is used as a preventive measure by protecting infants
sleeping in cribs with the placement of glass jars around cribs legs. The bark
scorpion can grow up to 7 cm. It is nocturnal and more stings are reported in the
late evening and early morning, when both humans and scorpions are active (Kang
and Brooks 2017).
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Similar to other scorpion species, C. sculpturatus uses its venom to incapacitate
prey and to defend itself. Two pincers located cephalid to the body are used to grasp
prey, while the venomous sting is inflicted via a venom-containing telson located at
the tip of a segmented tail (Isbister and Bawaskar 2014). Although scorpions
generally avoid interaction with humans, C. sculpturatus is commonly found inside
human dwellings, resulting in a large number of stings to humans. One poison
center—based study revealed that 98% of stings occurred inside a residence (Kang
and Brooks 2017). Over 10,000 stings are reported annually to Arizona poison
centers (Kang and Brooks 2017). Many Arizonans have experienced numerous
stings in their lifetime and do not consult a poison center, likely contributing to a
great underestimation of the true number of stings that occur.

Venom
Biochemistry

Hundreds of biologically active components have been identified in the venom of
scorpions. These include peptides which affect the function of ion channels;
enzymes such as hyaluronidase, phospholipases, and metalloproteinases; peptides
with antimicrobial and immunomodulatory activity; lipids; and other proteins
(Osnaya-Romero et al. 2016).

The most abundant venom components are those that act at ion channels. These
are divided into four groups depending on which channels are affected, and include
sodium channel toxins, potassium channel toxins, chloride channel toxins, and
calcium channel toxins. Ion channel toxins may act specifically in insects or in
mammals (Santibanez-Lopez et al. 2015).

The toxins of primary relevance to human envenomation are those that act at
sodium channels. Potassium channel toxins may also play a role in human enven-
omation, but this role is not as well defined as that of the sodium channel toxins
(Santibanez-Lopez et al. 2015; Calderon-Aranda et al. 1999). Similarly, studies have
demonstrated that Centruroides venom toxins are capable of producing a pro-
inflammatory cytokine response in vitro and in animal models, but a clinical
systemic inflammatory response has not been described in humans following enven-
omation (Corzo and Espino-Solis 2017).

More than 300 different sodium channel toxins have been identified in scorpion
venoms. In some venoms, sodium channel toxins may comprise almost 10% of the
protein content (Rendon-Anaya et al. 2012). These toxins are polypeptides
weighing 6500-8500 Da and composed of 58—76 amino acid residues. They are
bound by four disulfide bridges and are furthered classified as alpha or beta sodium
channel toxins based on their action at the ion channel (Quintero-Hernandez et al.
2013).

Alpha sodium channel toxins were originally described in Old World scorpions
found in Africa and Asia prior to being discovered in the venom of New World
scorpions, including that of C. sculpturatus (Quintero-Hernandez et al. 2013). They
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bind to receptor site 3 of the sodium channel while it is in its resting state and inhibit
fast inactivation of the channel (Rendon-Anaya et al. 2012; Quintero-Hernandez
et al. 2013; Campos et al. 2008). This results in prolonged depolarization of the
neuron (Isbister and Bawaskar 2014).

Beta sodium channel toxins are also present in Centruroides venom and act at a
different site on the sodium channel to enhance activation of the channel. They favor
channel opening by binding to receptor site 4 and shifting the threshold of channel
activation to a more negative membrane potential. This results in activation of the
channel at a hyperpolarized membrane potential, up to as much as 20 mV, promoting
repetitive firing of the neuron (Rendon-Anaya et al. 2012; Campos et al. 2007). The
beta toxins are thought to bind to a voltage sensor in the inactivated state, prolonging
the duration of inactivation at negative membrane potentials (Quintero-Hernandez
et al. 2013).

Over 140 potassium channel toxins have been identified in scorpion venom.
Toxins specific for potassium channels of the human ether-a-go-go (hERG) family
have been identified in C. sculpturatus venom, but it does not appear that they
contribute clinically to human envenomation (Quintero-Hernandez et al. 2013). The
most concerning effect of blockade of hERG potassium channels would be prolon-
gation of the QT interval and resultant cardiac arrhythmias. This is not known to
occur following North American scorpion envenomation.

Pharmacokinetics

Numerous pharmacokinetic studies of scorpion venom in animal models have
demonstrated that venom is absorbed rapidly following subcutaneous administra-
tion. Venom toxins have been detected in plasma within 2 min (Krifi et al. 2005;
Devaux et al. 2004).

One study looking at the pharmacokinetics of subcutaneous administration of
Centruroides limpidus venom in a rabbit model demonstrated a maximal blood
venom concentration was achieved within 1 h, with a distribution half-life of
8 min, and a terminal half-life of 1.8 h. Most venom was eliminated in urine within
24 h. Intravenous injection of Fab2 antivenom 2 h after venom administration
resulted in a redistribution of the venom from the extravascular to the vascular
space. Venom concentrations increased in plasma 10 min after antivenom injection
(Calderon-Aranda et al. 1999). In both animal models and humans, scorpion toxins
may become undetectable after administration of appropriate antivenom (Krifi et al.
2005; Boyer et al. 2009, 2013).

Another study looked at pharmacokinetics of specific sodium channel toxins from
the venom of Androctonus australis. When venom was administered subcutaneously
to rabbits, it was rapidly distributed to tissues (Devaux et al. 2004). Plasma concen-
trations peaked within 30 min and then decreased rapidly, becoming undetectable by
24 h. These venom toxins were identified in urine within 2 h of administration and as
the plasma concentration fell over 24 h, the urine concentration rose (Devaux et al.
2004).



5 North American Scorpion Envenomations 159

Bark Scorpion Envenomation

Bark scorpion stings are extremely common in Arizona, with over 10,000 reported to
the Arizona poison centers annually (Kang and Brooks 2017). This number almost
certainly underrepresents the actual number of stings that occur, since many people
do not consult a poison center following a sting.

The great majority of bark scorpion stings pose no threat to health and are not
referred for medical treatment (Kang and Brooks 2017; Curry et al. 1983). However,
even relatively minor stings are painful when they occur. Stings are felt immediately,
although there may be some delay before onset of systemic symptoms when they
occur. Local tissue effects do not occur following C. sculpturatus sting. In fact, the
presence of erythema or edema following a scorpion sting in Arizona generally rules
out diagnosis of bark scorpion envenomation. Occasionally, a tiny puncture mark is
noted at the site of the sting but this is the exception, with the rule being no visible
evidence of sting.

A grading system utilizing Grades I through IV is used in Arizona to describe the
manifestations of bark scorpion envenomation along a spectrum (Curry et al. 1983).
Stings that result only in pain localized to the sting site are described as Grade
I. Grade I envenomations comprise most reports of stings to Arizona poison centers.
In one study, 83% of patients were classified as Grade I (Curry et al. 1983). It is
difficult to know how accurate this is however, since many patients with mild stings
may not call the poison center, which results in underrepresentation of Grade I
stings. Alternatively, patients may report a C. scultpturatus sting, when another
species is actually responsible, overrepresenting the proportion of stings falling
into the Grade I category. Pain localized to the site of the sting typically resolves
quickly, almost always within 24 h.

Painful paresthesias that extend beyond the sting site, without other neurotoxic
effects, characterize Grade II envenomations. These occurred in 9% of patients
described in one poison center—based study (Curry et al. 1983). Tapping a distal
extremity sting site can send shock-like vibratory sensations proximally up the
extremity. Paresthesias and numbness typically resolve within 24 h but anecdotally
may persist for up to a month. Curry et al. reported that 24% of patients with grade II
envenomations experienced pain or numbness for greater than 24 h, although the
patients were not followed longer to determine the duration of pain (Curry et al.
1983).

Grade III describes envenomations that result in either cranial nerve findings
without presence of neuromuscular agitation or hyperactivity, or result in neuro-
muscular agitation or hyperactivity without cranial nerve findings. Cranial nerve
findings include dysconjugate and roving eye movements (opsoclonus), tongue
fasciculations, hypersalivation, dysarthria, sensation of throat swelling, and occa-
sionally stridor. Neuromuscular agitation may be limited to subtle tremor or
twitching of extremities, or may manifest as extreme myoclonic jerking with
arching and twisting of the torso. Muscle fasciculations and tremor are common.
Grade III envenomations are often also accompanied by diffuse paresthesias. Grade
III envenomation is rarely severe, but the combined effects of painful lower
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extremity paresthesias and numbness with dysconjugate gaze inhibiting vision can
be debilitating while they last.

When clinical findings following bark scorpion sting include both cranial nerve
findings and neuromuscular agitation, the envenomation is classified as Grade
IV. There is a large spectrum of severity of illness within this Grade however
(Coorgetal. 2017). A patient with a mild Grade IV envenomation may have findings
limited to subtle tremors with occasional roving ocular movements (often described
as nystagmus, although not true nystagmus). A patient with a severe life-threatening
Grade IV envenomation often has hypersalivation, pronounced opsoclonus, tongue
fasciculations, and exaggerated neuromuscular agitation with arching of the back,
twisting of the torso, and myoclonic jerking motions of the extremities. Stridor and
respiratory distress is present, likely due to a combination of inability to control
excessive secretions, poor coordination of muscles of respiration, and loss of tongue
and pharyngeal muscle control. Although pulmonary edema is occasionally reported
on chest radiographs of patients with scorpion envenomation, this is not well
described or confirmed, and an alternative diagnosis of aspiration may be a more
likely explanation for the unusual finding (Gibly et al. 1999). Aspiration pneumo-
nitis and rhabdomyolysis are potential complications of severe envenomation
(O’Connor and Ruha 2012).

Patients with scorpion envenomation are awake and alert, although they may be
in severe distress and appear to have altered mental status. They keep their eyes
closed due to the distressing ocular effects of envenomation, which can give a false
impression of encephalopathy.

Few patients overall with bark scorpion sting develop Grade IV findings. Such
high-grade envenomation is much more likely to occur in young children than in
older children or adults. In the poison center—based study by Curry et al., Grade [V
findings were reported in only 3% of all cases. When looking at Grades of enven-
omation across different age groups, 17% of children under 5 years of age and 14%
of children 6-10 years of age had Grade IV findings, while only 1% of adults were
Grade IV (Curry et al. 1983).

The full spectrum and clinical course of illness is well described in a retrospective
study of 88 children with Grade III or IV envenomation presenting to a pediatric
tertiary care center (O’Connor and Ruha 2012). Ages ranged from 4 months to
12 years, with a mean age of 3.7 years. The mean time of onset of systemic
neurotoxicity from the time of the sting was 20 min but was reported up to
130 min. Vomiting occurred in 38% of patients and was most often reported at the
onset of systemic toxicity prior to presentation to a health care facility. Vomiting is
typically limited to one or two episodes. Neuromuscular agitation occurred in all
patients, and opsoclonus occurred in most. The next most common findings were
tachycardia and hypersalivation. Hypertension occurred in half of patients, and fever
in nearly a third. Respiratory distress was an important finding described in this
study, occurring in a third of patients, with 24% of the study population experiencing
respiratory failure necessitating endotracheal intubation and mechanical ventilation
(O’Connor and Ruha 2012). Another retrospective study described 156 pediatric
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patients with Grade III and IV envenomations. Respiratory distress was documented
in 22% of patients (Coorg et al. 2017).

Adrenergic effects, such as tachycardia and hypertension, are characteristic
features of C. sculpturatus envenomation. However, other cardiovascular effects
are not expected or commonly described. A study looking at children in Mexico who
experienced Centruriodes envenomation suggests that a mild degree of hypokalemia
and prolongation of the QT interval on electrocardiogram may be associated with
envenomation, but the clinical significance of this is unclear (Osnaya-Romero et al.
2016). This has not been described following C. sculputuratus envenomations in
North America. However, patients with adrenergic findings from any toxin might be
expected to experience hypokalemia and lengthening of QT, since potassium is
driven into cells.

Adults may be at greater risk for adverse cardiovascular outcomes due to
pre-existing medical conditions. Cerebrovascular or cardiovascular complications
are anticipated in adult patients with risk factors due to the physiological stress of
catecholamine excess that accompanies envenomation. Such effects are not
common.

Adrenergic findings predominate in C. sculpturatus envenomation. The presence
of severe agitation, tachycardia, and hypertension can appear clinically similar to
methamphetamine or other sympathomimetic poisoning. In the southwestern United
States, methamphetamine use and toxicity is common, and there are multiple reports
of methamphetamine-poisoned children being misdiagnosed as having a scorpion
envenomation (Kolecki 1998; Strommen and Shirazi 2015). Such misdiagnosis has
also been reported in adults. When present, opsoclonus can best distinguish the two
diagnoses, as this finding does not occur with methamphetamine poisoning.

Bark scorpion envenomation is also commonly misdiagnosed in children as
seizure. For clinicians who are familiar with the appearance of scorpion
envenomations, the distinction is clear. However, for clinicians who are new to the
region without experience in the clinical manifestations of envenomation, seizure
may be the most likely explanation for the violent “convulsions” noted in young
patients who appear encephalopathic.

Death following C. sculpturatus envenomation is very rare. Nearly a century ago,
bark scorpion envenomation was the leading cause of death resulting from a
venomous bite or sting in Arizona (Stahnke 1950). Today, deaths are rare but do
occur (Mowry et al. 2014). The mechanism of death is hypoxia due respiratory
failure.

The duration of clinical effects in patients presenting with severe scorpion sting is
variable and unpredictable. Although neurotoxic symptoms are generally reported to
last under 24 h, some patients experience spontaneous resolution of Grade Il and IV
manifestations of envenomation in a much shorter time frame. In a retrospective
pediatric study of bark scorpion envenomation, the mean length of stay in patients
treated without antivenom was 28.7 h, but the range was 2—69 h (O’Connor and
Ruha 2012). Despite presenting with Grade IV symptoms, some patients will have
symptom resolution very quickly. Unfortunately this cannot be predicted.
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Diagnosis

The diagnosis of bark scorpion envenomation is based on a history that supports the
possibility of scorpion sting and identification of clinical findings consistent with
envenomation. Although venom can be measured in serum and urine, there are no
commercially available tests that would allow timely identification of toxins in order
to affect diagnosis or treatment (Chase et al. 2009).

Scorpion sting is a diagnostic consideration throughout Arizona and surrounding
regions of the southwest US where C. sculpturatus resides. Stings may occur indoors
and outdoors, and are often reported in locations where scorpions have not previ-
ously been observed. In many cases the patient, or parent of a young child with
apparent envenomation, never saw a scorpion prior to onset of symptoms. In such
cases it is especially important to confirm that the onset of symptoms is consistent
with a scorpion envenomation so as to not overlook other important etiologies of
illness, such as infectious.

Sudden onset of crying and agitation in a previously well child is common. This
may be followed a short time later by an episode of vomiting and then onset of
opsoclonus, hypersalivation, and restless agitation. The child is inconsolable by the
parent.

Adults are more likely to see and report a scorpion sting, however many stings
occur without observation of a scorpion. Patients may awaken during the night with
numbness and paresthesias in a single extremity and consider a stroke rather than a
scorpion sting. They may also present with severe dysarthria due to tongue fascic-
ulations, pharyngeal paresthesias, and loss of muscle control and appear to have
experienced a stroke.

In adults or older children who are mainly experiencing paresthesias and are able
to comply and assist with the exam, a “tap test” may be a useful aid in diagnosis. The
examiner taps on the area where the sting is suspected to have occurred and this
sends an electric shock-like vibration up the extremity. In patients who experience
severe neuromuscular agitation this test is unlikely to be helpful or necessary.

In general, clinicians must keep scorpion envenomation in the differential diag-
nosis of patients presenting with sudden onset of neurological symptoms in regions
where C. sculpturatus is endemic. The classic finding of opsoclonus can often “nail”
the diagnosis when present.

Management
Supportive Care

Management of bark scorpion stings varies depending on the severity of envenom-
ation. Most stings can be managed at home without referral to a health care facility.
Grade I stings may be treated with over-the-counter analgesics such as acetamino-
phen or ibuprofen. Application of ice to the sting site has traditionally been
recommended to treat pain, and there is some evidence to support its efficacy in
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management of stings by other scorpion species (Aksel et al. 2015). Medications to
treat allergic reactions, such as antihistamines, have not been shown to be helpful in
the management of scorpion envenomation and are not recommended.

Grade II envenomations do not typically warrant presentation to a healthcare
facility, however many patients do present for care as a result of diffuse painful
paresthesias. These patients may also be managed with nonopioid analgesics such as
acetaminophen or ibuprofen. Application of ice to the sting site may be helpful, as
well as reassurance that symptoms will improve dramatically, if not resolve, within
24 h.

Grade III envenomations are not life-threatening but are likely to prompt presen-
tation to a health care facility due to the physically distressing nature of the
symptoms. Patients often have diffuse numbness and paresthesias, which can inhibit
ambulation when the soles of the feet are involved. They also exhibit either cranial
nerve or neuromuscular effects. When opsoclonus is present, patients report diplopia
and nausea and keep the eyes closed to avoid these effects. Neuromuscular effects
may be limited to mild muscle tremors or occasional myoclonic jerks, but in
combination with numbness and paresthesias this also can inhibit ambulation.
Supportive care management of Grade III symptoms is targeted at improving patient
comfort with intravenous analgesics and benzodiazepines. Opioids are often used
due to the discomfort patients experience from the combination of clinical effects.
Patients typically require treatment in the emergency department or hospital until
symptoms have improved enough for them to ambulate independently.

Grade IV envenomations require aggressive supportive care interventions. In
addition to intravenous fluids, analgesics, and benzodiazepines, patients may require
airway management. The major threat to life following a bark scorpion sting is
respiratory failure resulting in hypoxia and death. Patients who present with stridor,
respiratory distress, and/or inability to control their oral secretions should undergo
endotracheal intubation if these findings are not quickly reversed with other less
aggressive maneuvers. Some patients with severe clinical findings require large
doses of benzodiazepines to control the neuromuscular hyperactivity associated
with envenomation. In addition, opioids are administered to treat the painful pares-
thesias. These medications may increase the risk for developing respiratory failure.

All patients being treated for Grade IV envenomation should be placed on a
cardiac monitor and pulse oximeter and be observed closely for signs of respiratory
distress or respiratory depression. This may occur as a direct effect of venom toxicity
or may be due to combined effects of venom and use of medications that affect
respiratory drive. Suctioning of secretions and supplemental oxygen may be suffi-
cient interventions for some patients but others will require endotracheal intubation.
Many clinicians administer small doses of atropine to young patients with hyper-
salivation, but the efficacy of this treatment has not been studied. It’s use has not
been associated with harm (Suchard and Hilder 2001). This is in contrast to
experience in other parts of the world where atropine use is contraindicated due to
increased mortality.

Benzodiazepines are often considered first line in the treatment of Grade I1I and
Grade IV scorpion envenomations. In patients with less severe neurotoxic effects,
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benzodiazepines are often administered to provide relief from muscle fasciculations
and myoclonic jerking movements. More commonly, benzodiazepines are given to
counteract severe neuromuscular agitation and thrashing behavior in children.
Gibley et al. reported use of continuous midazolam infusions in children admitted
to the ICU with scorpion envenomation (Gibly et al. 1999). In another retrospective
review of pediatric patients with Grades III and IV envenomations, benzodiazepines
were the most commonly reported treatment, followed by opioids (O’Connor and
Ruha 2012). Short-acting benzodiazepines, such as midazolam, are recommended
for use in the emergency department setting. Duration of envenomation symptoms
can be unpredictable and use of long-acting benzodiazepines may contribute to
sedation outlasting venom effects. Short-acting medications are also ideal for use
in patients who require immediate sedation while waiting for antivenom to take
effect.

Opioids are recommended for the treatment of pain from severe scorpion
envenomations. Verbal children and adults almost uniformly report pain following
envenomation in addition to the other objectively observed venom effects. Pain
likely contributes to the restlessness and inconsolability observed in very young
children even in the absence of severe myoclonus. Fentanyl is an ideal opioid for use
in the emergent setting not only because of its short duration of action but because it
does not induce histamine release (O’Connor and Ruha 2012).

In patients who are admitted to the ICU for management of Grade IV envenom-
ation, longer acting benzodiazepines, such as lorazepam, and opioids, such as
morphine, are appropriate options. Another option for sedation of patients being
mechanically ventilated is dexmedetomidine. This agent acts centrally to inhibit
norepinephrine release from neurons, making it mechanistically ideal in combatting
the hyperadrenergic effects of scorpion envenomation. Opioids and benzodiazepines
are not indicated after 24 h from the sting event.

Antivenom

There is one antivenom approved by the United States Food and Drug Administra-
tion (FDA) for treatment of severe bark scorpion envenomation. Centruroides
(Scorpion) Immune F(ab’)2 (Equine) Injection (Anascorp™) (Fab2AV) is produced
using the venom of four Centruroides species endemic to Mexico. These are
C. limpidus limpidus, C. I. tecomanus, C. noxius, and C. suffusus suffusus. The
venoms from these species are injected into horses, and the horse plasma then
undergoes pepsin digestion to obtain the antibody fragments and remove the immu-
nogenic Fc portion of the antibody. The product is purified and prepared as a
lyophilized powder in vials (Therapeutics 2011). The antivenom has been shown
to cross react with C. sculpturatus venom (Chase et al. 2009). A randomized,
placebo-controlled, blinded trial also demonstrated its efficacy in treating
C. sculpturatus envenomation (Boyer et al. 2009). In the trial, eight subjects received
Fab2AV while seven subjects received placebo. Outcomes included clinical resolu-
tion of symptoms, mean diazepam doses, and detection of venom in plasma. All
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subjects who received Fab2AV were asymptomatic at 4 h and had no detectable
venom measured at 1 h. Six out of seven subjects in the placebo group continued to
have symptoms at 4 h with detectable venom at 1 h. At discharge, the mean
diazepam dose was significantly different between groups, with the Fab2AV group
receiving 0.07 mg/kg versus 4.61 mg/kg in the placebo group (Boyer et al. 2009).

According to the FDA prescribing information, Centruroides (Scorpion) Immune
F(ab’)2 (Equine) Injection is indicated for the treatment of patients with clinically
important signs of scorpion envenomation (Therapeutics 2011). This includes Grade
II and Grade IV envenomations; however, the clinical importance of less severe
Grade III envenomations can be argued and many clinicians would not consider a
mild Grade III envenomation an indication for antivenom.

Anascorp®™ is provided as a sterile lyophilized powder in vials requiring recon-
stitution in 5 mL of normal saline at the time of use. The initial dose is three vials.
Each vial is reconstituted and then combined and further diluted to a total volume of
50 mL. The total dose is infused intravenously over 10 min and the patient is
observed for an additional 30-60 min for resolution of symptoms. If clinically
important symptoms persist, another vial is administered and the patient is observed
over the next 30-60 min (Therapeutics 2011). Additional single vials are adminis-
tered until symptoms resolve; however, the clinical trials of Anascorp® performed in
Arizona limited treatment dose to five vials and a postmarketing study demonstrated
that patients rarely require the full five-vial dose (Boyer et al. 2013; Coorg et al.
2017).

Dosing of FabAV is controversial in Arizona. Since the initial FDA approval of
the antivenom, the cost per vial charged to hospitals has been over $3000 (US), and
hospitals charge patients significantly more per vial (Lutkin 2012). This has led some
clinicians to use FabAV sparingly, providing a smaller initial dose than is
recommended in the FDA prescribing information. One study retrospectively com-
pared patients who had received sequential single vial doses of FabAV to patients
treated as per the FDA-approved dosing recommendations, with an initial three-vial
dose. It was found that the two groups were different at baseline. A larger proportion
of patients received the alternative dosing strategy, however the group receiving the
initial three-vial dose appeared to have a greater severity of illness at baseline. Those
receiving an initial three-vial dose were younger and a greater proportion were
documented to have respiratory distress. Despite this, none of the patients in the
initial three-vial dose group were intubated, developed aspiration, or were hospital-
ized. In the sequential-vial dosing group, 8.5% of patients were hospitalized despite
receiving FabAV, 2.4% were intubated, and 2.4% aspirated. These outcomes were
not significantly different between groups, possibly due to the small number of
patients in the initial three-vial dosing group (16 as compared to 82 in the alternative
dosing group) (Coorg et al. 2017).

Antivenom should be not be given by the intramuscular route. Despite a report of
apparent success in a 25-day-old patient administered IM Anascorp®, a pharmaco-
kinetic study of Fab2AV given IM to human volunteers demonstrated slow release
from muscle with a median time to peak plasma concentration of 45 h (Hiller et al.
2010; Vazquez et al. 2010). There is a case report of administration of Fab2 AV by the



166 A.-M. Ruha

intraosseous route in a 16-month-old child with apparent effect (Hiller et al. 2010).
Although not studied, this case report provides some evidence to support adminis-
tration via an intraosseous line in an emergency situation.

All antivenom therapies have the potential to stimulate hypersensitivity reactions
in humans. Anascorp® has been shown to be exceptionally safe in this regard
compared to most antivenoms (Boyer et al. 2013). Results of multiple clinical trials
comprising 1534 total patients who received Anascorp®™ reveal that only 0.2% of
patients developed acute hypersensitivity reactions, while 0.5% developed late
serum-sickness reactions. The acute reactions included urticarial rash and labored
breathing, while the late reactions included rashes, myalgias, arthralgias, and fever

(Boyer et al. 2013).

Conclusion and Future Directions

Envenomation by the bark scorpion, Centruroides sculpturatus, is a common event
in the southwestern United States, but is only rarely life-threatening. Management
should be targeted at protecting the patient’s airway, since all deaths occur secondary
to respiratory failure and hypoxia. Care may be entirely supportive or may involve
administration of a F(ab’), antivenom derived from horses immunized with four
Centruroides species endemic to Mexico. Antivenom reverses symptoms promptly
and usually allows the patient to be discharged from the hospital, whereas supportive
care for serious envenomations typically involves admission to an intensive
care unit.

Future directions for management of C. sculputuratus envenomation may be
aimed at development of an inexpensive and safe antivenom product that may be
given to all patients experiencing pain as well as systemic toxicity due to
envenomation.
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Abstract

North American coral snakes belong to the elapidae family. Medically significant
North American coral snakes include M. fulvius fulvius (Eastern coral snake) and
M. fulvius tener (Texas coral snake). They are famously known for their brightly
banded black, red, and yellow pattern. Their bites are rare due to their docile
nature and natural habitat. They may leave fang marks but their absence does not
eliminate the possibility of envenomation. Neurotoxicity is the main feature of
coral snake envenomations. It is mediated via blockade of presynaptic acetylcho-
line release as well as postsynaptic end-plate receptors. The major components of
their venom are phospholipase A2 and 3 finger toxins. Symptoms of envenom-
ation usually occur within 2 h and may involve slurred speech, cranial nerve
palsies, bulbar paralysis, respiratory paralysis, and full flaccid paralysis. Pre-
hospital treatment should focus on providing high-quality symptomatic and
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supportive care to the victim, focusing on airway, breathing, and circulation.
Definitive treatment is North American Coral Snake Antivenin (NACSA) and
should, optimally, be provided before the onset of symptoms. The dose is usually
3-5 vials. There is a small risk of allergic, anaphylactic, or anaphylactoid
reactions. There have been no deaths reported when treatment is sought or
sequelae of envenomation after recovery.

Introduction

North American coral snakes include the species Micrurus and Micruroides. They
belong to the elapidae family which also includes cobras, mambas, and sea snakes.
Although there are many subspecies of each, only M. fulvius filvius (Eastern coral
snake) and M. fulvius tener (Texas coral snake) envenomations are clinically rele-
vant. Reported cases of envenomation by M. fulvius tener are rare. Micruroides
euryxanthus (Arizona coral snake) is a relatively small. It is unable to deliver venom
in sufficient quantities to cause clinically relevant envenomation due to its size (Roze
1996).

M. fulvius, is on average 18—39 inches, but has been known to grow up to 4 feet
in length. They have a rounded head, flat snout, rounded black eyes, and smooth
scales. They have a pair of fixed fangs in the front of the mouth. They do not have
heat-sensing pits. The most well-known feature of M. fulvius is the brightly banded
black, red, and yellow pattern, which gave rise to the mnemonic “red on yellow,
kill a fellow; red on black, venom lack/friend of Jack.” M. fulvius may be
misidentified for nonvenomous Lampropeltis triangulum elapsoides (Scarlet
kingsnakes) or Cemophora coccinea (scarlet snakes) due to a similar banded
pattern. However, those snakes have red bands that are adjacent to black bands.
M. fulvius is found in the southern Coastal Plain from North Carolina to Louisiana
but is most prevalent in Florida (Jackson and Franz 1981). They most often reside
in wooded, wet, and grassy habitats but sometimes encroach upon urban and
suburban areas.

Epidemiology

Coral snakes are, in fact, docile snakes with an undeserved reputation of aggression.
Most coral snake bites are provoked in some way. They are far less common than pit
viper envenomations and account for less than 1% of venomous snakebites in North
America. The first report of a coral snake bite was documented in 1883 (True 1883).
In the last 10 years, the number of reported coral snake bites has remained steady
with a range of 73—99 reported cases to poison centers with no clear trend (American
Association of Poison Control Centers). In 2015, there were 77 reports of coral snake
envenomations to poison centers. Of these, a majority had mild or moderate
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outcomes and were treated at healthcare facilities with no reported deaths (Mowry
etal. 2015). Of these, 42 occurred in Florida (Querybuilder). In 2009, the first case of
death from coral snake envenomation in 40 years was reported in a man who did not
seek medical care (Norris et al. 2009).

Pathophysiology

There is still much to be elucidated about Micrurus venom. The main feature of coral
snake envenomation is neurotoxicity. However, studies have also shown varying
degrees of cardiotoxicity, hematotoxicity, myotoxicity, and dermatotoxicity. Neuro-
toxic effects are mediated via blockade of presynaptic acetylcholine release as well
as postsynaptic end-plate receptors by alpha neurotoxins resulting in a curare-like
effect (Tanaka et al. 2010).

A recent sequencing of the venom gland transcriptome showed that 86% of the
genome transcribes for the neurotoxic components Phospholipase A2 (PLA2) and
3 Finger Toxins (3FTx) (Margres et al. 2013). PLA2 is mainly responsible for both
presynaptic and postsynaptic neurotoxicity. It also causes some myotoxicity,
cardiotoxicity, and hematoxicity (Vergara et al. 2014). 3FTx postsynaptically
inhibits acetylcholine at the nicotinic receptor or the neuromuscular end-plate.
Other toxin classes identified within coral snake venom were long-chain neuro-
toxins, which are similar to 3FTx and have a similar mechanism of neurotoxicity
and metalloproteinases which cause local and systemic hemorrhage in pit viper
venom. The function of metalloproteinases in coral snake venom is unclear.
Kunitz-type inhibitors were found to a lesser extent. They inhibit serine proteases,
calcium, and potassium ion channels (Margres et al. 2013). Many other toxic
components displaying enzymatic activity were also found within coral snake
venom such as hyaluronidase, phosphodiesterase, natriuretic peptide, nucleotidase,
nerve growth factor, vascular endothelial growth factor, leucine aminopeptidase,
L-amino acid dehydrogenase, acetylcholinesterase, alkaline phosphomonoesterase,
and L-amino acid oxidase (Tanaka et al. 2010; Margres et al. 2013). Other venom
components include lipids, carbohydrates, riboflavin, zinc, calcium, magnesium, and
potassium.

Coral snakes have a relatively simple venom delivery apparatus when compared
to pit vipers. Their paired venom glands connect to fixed maxillary teeth or fangs via
ducts. It also has a fairly inefficient system where the coral snake has to chew on its
victim to deliver venom and may produce a velcro-like effect when the fangs are
being pried off. Approximately 60% of coral snake bites are nonenvenoming. The
average amount of venom available varies from species to species and is propor-
tionate to the length of the snake (Auerbach 2012). A large coral snake can produce
20 mg of dried venom, which can be up to four or five lethal doses for a human adult
(Fix 1980). The severity of a coral snake bite is related to the volume of venom
injected and the size of the victim (Auerbach 2012).

The pharmacokinetics of Micrurus toxin is not well described. The average
median lethal dose for an 18 g mouse is reported to be 9 pg. However, there is a
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considerable difference in the LD50 between mammals and even among different
species of mice and rats, therefore extrapolation to humans is not possible (Bolanos
et al. 1978; SnakeDatabase). The venom is potent, and said to surpass that of the
Mojave Rattlesnake (Auerbach 2012).

Diagnosis and Clinical Presentation

Coral snakes have been handled by the victim in most cases of envenomation,
sometimes in an attempt to identify the snake. Misidentification of Lampropeltis
triangulum elapsoides (Scarlet kingsnake) and Cemophora coccinea (scarlet snake)
has also resulted in envenomation. Occasionally the value of a patient’s herpetologic
identification skills are in doubt, either because of intoxication, impaired visual
acuity, or cover of darkness, and can only report that they have been bitten by an
unknown or brightly colored snake. Pit vipers are known to strike swiftly from a
small distance, if this history detail is given, the snake bite was most likely, not
caused by a coral snake (Auerbach 2012).

Bites most often occur on the upper extremities. Fang marks are the most
commonly reported clinical findings; however, lack of any local findings does not
rule out a possible envenomation and should not lead healthcare personnel to
underestimate the possibility of a true envenomation (Kitchens and Van Mierop
1987; Norris and Dart 1989). Fang marks can appear like abrasions or scratches and
not typical fang marks associated with pit viper envenomation. Soft tissue swelling
only occurs in approximately one-third of patients. Pain and paresthesia and muscle
fasciculations at the site of a bite is commonly reported (Auerbach 2012; Kitchens
and Van Mierop 1987). Injecting saline or lidocaine under bites does not necessarily
express venom from wound or reveal breaks in the skin. Nausea and vomiting are
also commonly reported symptoms, occurring in 25% of coral snake envenomation
(Kitchens and Van Mierop 1987).

Symptom onset usually occurs within 2 h but have been delayed for up to 18 h
(Fix 1980; Peterson 2006). Slurred speech and cranial nerve involvement might be
the first neurological manifestation with bulbar paralysis and less commonly, full
flaccid paralysis (Auerbach 2012). In one case, the victim’s symptoms progressively
worsened over 48 h and required ventilation. One patient described hearing “a
million bees in [her] ears and pain that started in [her] throat and shot out of [her]
vagina.” She did not complain of difficulty swallowing but on exam had signs of
inability to tolerate oral secretions. She remained intubated for 3 weeks. Aspiration
pneumonia is a possible secondary complication. There are no long-term sequelae,
neurological or otherwise, reported after coral snake envenomation. Even with
severe envenomations requiring intubation, mentation is usually preserved and
patients can usually communicate via writing (Kitchens and Van Mierop 1987).

For late presenters, a watch and wait approach with antivenom at the bedside has
been advocated if no symptoms appear within 8 h. This should be done only with
very reliable histories and with the patient’s full understanding of the risks and
ability to consent. Most patients who present to the hospital are asymptomatic.
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Asymptomatic patients, if adequately treated with antivenom before the onset of
symptoms, do not go on to develop toxicity. Therefore, a rapid risk-benefit assess-
ment must be done with the help of a toxicologist to determine use of antivenom.
Laboratory tests and imaging are usually not useful in the diagnosis of coral snake
envenomations.

Treatment

For prehospital treatment, in general, tourniquet use is not recommended. However,
a lymphatic compression technique that may be beneficial has been described in
Australia. In an animal model, the localizing circumferential compression (LoCC)
device delayed the onset of systemic toxicity and increased survival time after
artificial truncal envenomation by M. fulvius. This was achieved by delaying lym-
phatic spread of venom (Hack et al. 2011). This is only recommended for a
prolonged prehospital course and when there may be a delay to definitive treatment.
Other treatments lack evidential support in a possible coral snake envenomation
include ice/heat, electrical current, incision and drainage, fasciotomy, and/or suction.
Immobilizing the affected limb and keeping at the level of the heart may delay
venom entry into central circulation. Extraction devices (such as the Sawyer device)
should not be used and have no proven clinical benefit for use with coral snake
envenomations as possibly with crotaline envenomations (Alberts et al. 2004).
Emergency Medical Services should apply standards of care and address supportive
care as required. Prehospital times in Florida tend to be low and definitive care may
not be far.

In-hospital treatment is based on whether the patient is symptomatic or asymp-
tomatic. Asymptomatic patients with a good history of possible coral snake enven-
omation should be treated with North American Coral Snake Antivenin (NACSA).
Because of the recent shortage of NACSA, there has been a wait and see approach
advocated by some Poison Control Centers; however, this approach cannot be
applied across the board as the risk of severe symptoms may not outweigh the
benefits of withholding antivenin (Wood et al. 2013). It is not recommended to wait
for end-organ toxicity as symptoms cannot be attenuated or reversed once they start.
Theoretically and anecdotally, it may be possible to halt further progression of
symptoms with antivenin. Asymptomatic patients who received five vials of coral
snake antivenom have not been described to display subsequent signs of envenom-
ation. There is no utility in prophylactically treating patients with corticosteroids or
antibiotics. Tetanus vaccines/boosters and standard wound care methods should be
applied. Patients should be observed for at least 24 h in an ICU setting (Peterson
2006; Wood et al. 2013).

For those patients who are already symptomatic, ABCs should be addressed first
with high-quality symptomatic and supportive care given. Consideration should be
given to early elective intubation (Kitchens and Van Mierop 1987). The average
duration of ventilatory support is 2—3 weeks. There is a case in which respiratory
support that was required for 6 weeks, but this was a definite outlier. Pain should be
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treated with opioid pain medications as necessary. Isolated hypotension usually does
not occur but has been described in victims who are already systemically ill from the
envenomation. However, if the victim is hypotensive, standard pressors should be
used. Patients who have severe envenomation and require respiratory support and/or
vasopressors usually also require physical or occupational therapy. Patients should
only be discharged after they have an asymptomatic period of 24 h (Corbett and
Clark 2017). Neostigmine was used to improve symptoms in a single case report in
Brazil of a patient with suspected Micrurus envenomation (Coelho et al. 1992). No
experience with neostigmine is documented for treatment of North American coral
snake envenomation, although it has been used for other elapids whose venoms exert
postsynaptic neurotoxic effects on the neuromuscular junction (Gold 1996). The
irreversibility of symptoms through the destruction of neurons by a presynaptic toxin
would suggest that neostigmine may be at best a temporizing measure.

NACSA was developed in 1967 and is available for coral snake envenomations. It
is an equine derived whole IgG to M. fulvius venom. All patients receiving antivenin
should be asked about prior sensitization, as patients may have sensitization to
horses or horse derived products. Pretreatment with corticosteroids or antihistamines
is usually not necessary but a skin antigen test that is included with the antivenin
packet could be utilized. Ten percent of patient may have false negative results. A
positive test is still not a true contraindication in the case of an envenomation as the
benefits of antivenin administration and avoidance of severe symptoms may out-
weigh the potential risk of an allergic reaction. However, possible adverse effects
should be discussed carefully with the patient and use of concurrent antihistamines,
corticosteroids, and/or epinephrine should be considered. The use of the skin antigen
test and concurrent prophylactic treatments are at the discretion of the treating
clinician (Corbett and Clark 2017).

(Wyeth Antivenin Micrurus Fulvius® is no longer in production as of 2003 but is
periodically tested for stability by the Food and Drug Administration (FDA) and
extended as needed. One lot (#L67530) is approved by the FDA for use. It was
recently extended for use until Jan 31, 2018. This can be ordered from Pfizer by
calling 1-800-666-7248 (Gold 1996). Prior to antivenom development, the mortality
rate from coral snake envenomations was 10% (Corbett and Clark 2017). The usual
dose is 3-5 vials given 4-8 h within time of the bite. A repeat course of 3—5 vials can
be given, however, the indications for repeat treatment are left to the discretion of the
practitioner. Up to 10 vials have been given (North American coral snake Anti-
venin). Each vial of antivenin neutralizes approximately 2 mg of venom (Kitchens
and Van Mierop 1987).

Antivenom should be administered in an age/weight appropriate volume of fluid
that can be delivered over an hour to an hour and a half. Prior to the onset of
symptoms, the drip may be started slowly, giving the first 1-2 mL over 3—5 min
while constantly observing for type I or immediate hypersensitivity reactions. If there
is no adverse reaction, give a dose of the fluid with the antivenin that is appropriate
for the age and weight of the victim. There is no specification as to what fluid should
be used as a diluent (Toogood 1987). The Miami Poison Control Center protocol is to
place five vials of antivenom in a weight-appropriate volume of diluent (250-500 mL
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of either D5W or normal saline is appropriate for adults). An infusion is begun at a
rate of about 3 mL/h. The rate may be doubled every 2 min as tolerated. The initial
goal of therapy should be the administration of 3—5 vials over 1-1.5 h.

In one study, 18% of those who received antivenom had an adverse effect.
However, most effects were minor and only 2% developed hypotension and 1%
developed angioedema (Corbett and Clark 2017). The development of delayed
serum sickness is a rare possibility with any antivenom administration. The risk of
serum sickness is related to the number of vials of antivenom given (i.e., total foreign
protein load). Serum sickness typically presents as a flu-like illness with arthralgias
and rash, and responds well to antihistamines and a course of prednisone. Fear of
serum sickness should not be used as an argument to avoid the use of antivenom. The
concurrent use of beta blockers in victims has produced an exaggerated anaphylactic
reaction (U.S. Food and Drug Administration). If an anaphylactoid, allergic or
anaphylactic reaction develops, stop the infusion, and treat accordingly with
HI1/H2 blockers, corticosteroids, and epinephrine. Re-evaluate risk—benefit ratio
for antivenom administration and possibly restart the drip at or below last tolerated
rate. An epinephrine drip may be run concurrently. More dilute solutions may be less
allergenic.

Coralmyn®, a coral snake polyclonal F(ab’)2 antivenom is produced by the
Mexican pharmaceutical company Instituto Bioclon. It has not undergone review
by the FDA and has not been adapted for use in the USA. However, Coralmyn® may
be effective in the neutralization of clinically important coral snake venom in the
USA (Sanchez et al. 2008). Australian coral snake antivenom may also provide some
level of neutralization of US coral snakes (Ramos et al. 2017).

Special Considerations
Children

Coral snake bites in children are rare. One case series identified 11 possible cases of
coral snake envenomation in children. Children may be more at risk from enven-
omation since less venom is required to produce effects. The recommended treat-
ment is the same as in adults since antivenom contains immunoglobulins, which
have an affinity for venom. The amount of venom to be bound by antivenom, not the
weight of the patient, is the determining factor for the effective dose of antivenom.
However, reducing the total fluid volume may be reasonable to avoid fluid overload.
All suspected coral snake bites in children should be admitted to the ICU (Sasaki
et al. 2014).

Pregnant Women

There is extremely limited data on coral snake envenomation. There are no published
case reports of coral snake bites in pregnant women. However, it may be possible to
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extrapolate management techniques from reports of other elapids in pregnant
women. There is a case report of successful antivenom use after a Naja naja atra
bites in a 24 week pregnant woman (Lin et al. 2011). A literature review of
snakebites during pregnancy showed a mortality rate of approximately 4% in
envenomated pregnant women, and a fetal loss rate of approximately 20%. One
study did not show that the administration of antivenom was an independent risk
factor for adverse fetal outcome and was more related to the severity of envenom-
ation in the mother (Langley 2010). Antivenom does not have a category with
respect to its use in pregnant women. As the outcome in the infant relies so heavily
on the health of the mother, pregnant women who have a good history of possible
envenomation should be treated with antivenom (Corbett and Clark 2017; Seifert
et al. 2009).

Snake Venom Sensitization

In rare cases, the victim of a coral snake bite may have prior sensitization to venom.
This may be the case in herpetologists, snake handlers, or laboratory researchers who
work with venom. One study shows an occurrence of anaphylaxis to snake venom in
approximately 10% of cases (Isbister et al. 2012). In cases where there may be a
suspicion for possible allergic or anaphylactic reaction to coral snake venom itself
but antivenom is required for a strong suspicion of possible envenomation, anti-
venom should still be used, albeit, with precautions and concurrent use of an
epinephrine infusion.

Conclusion

The North American Coral Snake, comprised of the genus Micrurus and
Micruroides, is the only elapid indigenous to the United States. It is recognizable
by its familiar red, yellow, and black pattern. While envenomation is relatively rare,
victims may present with severe neurologic toxicity that includes respiratory paral-
ysis. The presynaptic nature of the venom mandates that treatment with antivenom
should precede the onset of symptoms. Antivenom shortages over the past decade
have resulted in delay of treatment with neurologic involvement and the need for
prolonged hospitalization.
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Abstract

Life-supporting treatment may be required after envenomation by species of
Australian snakes from terrestrial genera: Pseudonaja (Brown snakes), Notechis
(Tiger snakes), Oxyuranus (Taipans), Acanthophis (Death Adders), Pseudechis
(Black snakes), Austrelaps (Copperhead snakes), Hoplocephalus and by the
species Tropidechis carinatus (Rough-scaled snake), Paroplocephalus atriceps
(Lake Cronin snake), and most of the genera of sea snakes including Hydrophis,
Aipysurus, Laticauda, and Microcephalophis. Envenomation causes paralysis,
procoagulant coagulopathy or anticoagulant coagulopathy (both causing hem-
orrhage), and rhabdomyolysis with renal failure. Procoagulant coagulopathy
may also cause acute cardiovascular collapse and microangiopathic hemolytic
anemia. Lesser known species cause nonlife-threatening illness. Early adminis-
tration of antivenom can neutralize toxins and halt but not reverse pro-
coagulopathy and establish tissue damage such as destroyed nerve terminals
and rhabdomyolysis, which mandate time and supportive medical therapy. The
recommended antivenom dose for an envenomated snakebite victim is two vials
but less or more may be required, preceded by low-dose subcutaneous adrenaline
to prevent allergic reactions. The few toxins identified and purified include:
presynaptic phospholipase A, neurotoxins taipoxin (Taipan), notexin (Tiger
snake), textilotoxin (Brown snake); serine proteinase prothrombin activators
in Taipan, Tiger snake, Brown snake, Rough-scaled snake, and Stephen’s
Banded snake venoms; blockers of cyclic nucleotide-gated ion channels
(pseudechetoxin, pseudecin) in Black snake venom and a plasmin inhibitor in
Brown snake venom.

Introduction

Australia is habitat to a large number of species of venomous terrestrial and marine
snakes (Family Elapidae). The terrestrial elapid genera responsible for the majority
of serious illness are Brown Snakes (Pseudonaja), Tiger Snakes (Notechis), Taipans
(Oxyuranus), Black Snakes (Pseudechis), Death Adders (Acanthophis) and Copper-
head snakes (Austrelaps), and several species including the Rough-scaled snake
(Tropidechis carinatus) and Stephen’s Banded snake (Hoplocephalus stephensi).
The genera comprise several or many species. Most human deaths are due to Brown
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and Tiger snake envenomation. Of numerous sea snakes, the most prominent is
Schistosa zwefeli (formerly Enhydrina shistosa), the Beaked sea-snake.

Venoms contain numerous toxins, many of which remain unidentified. Toxins
include phospholipase A, presynaptic neurotoxins, postsynaptic neurotoxins, serine
proteinase prothrombin activators (causing procoagulant coagulopathy), and antico-
agulants. This chapter discusses the known toxins, their effects and relates them to
management of the envenomated victim. The mainstays of clinical management are
antivenom and supportive care.

Snakebite
Epidemiology

The incidence of snakebite in Australia is not reliably known but the death rate is
considerably less than in other countries despite the fact that the majority of
Australia’s snakes are extremely venomous. The low mortality is probably related
to the infrequency of snakebite, an efficient healthcare system, and the effectiveness
of antivenom treatment.

Approximately 3000 snakebites occur annually in Australia. The mean snake bite
death rate in Australia over the last decade was 2.3/annum (Australian Bureau of
Statistics, Welton et al. 2017), which yields an approximate death rate of 1/1000
bites. This mortality is a very small contribution to the annual World snakebite
burden estimated by the World Health Organisation at 5 million bites with 2.5
million envenomations, at least 100,000 deaths (1 death/50 bites) and three times
that the number of limb amputations or severe disability (http://www.who.int/
mediacentre/factsheets/fs337/en/). In Europe where snakes are less venomous the
death rate is 0.5/1000 bites (Chippaux 2012) but in Papua New Guinea where the
majority of species are the same or are closely related to Australian snakes, the
mortality is 120/1000 bites (McGain et al. 2004).

Death after snakebite in Australia usually occurs because of cardiac arrest out-of-
hospital, snake bite in remote locations, envenomation unresponsive to treatment, or
delayed or inadequate antivenom therapy. Approximately 500 victims per annum
require antivenom treatment. Death and critical illness are due to sudden cardiovas-
cular collapse (especially with Brown snake envenomation), progressive paralysis
leading to respiratory failure, hemorrhage, and renal failure. Renal failure occurs as a
consequence of rhabdomyolysis, microangiopathic haemolytic anemia, hypoten-
sion, hypoxemia, and to their combinations.

Snake bite is often “accidental” when a snake is trodden upon or suddenly
disturbed. However, many bites occur when humans deliberately interfere with
snakes or handle them. At special risk are herpetologists and snake collectors who
sustain bites in the course of their work or hobby, but who also develop an allergy to
venoms and to the antivenoms used in their treatment (Isbister and Brown 2012).
Bites by exotic snakes have the additional problems of scarcity of antivenoms and a
lack of expertise in treating envenomation.
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Australian Snake Venoms
Overview

Venoms are complex mixtures of protein and polypeptide toxins, which immobilize and
kill the snake’s prey. Venoms contain hundreds of toxins which lead to death of prey and
to effects on humans. Many toxins are phospholipase A, enzymes (PLA,s), which have
multiple effects including myotoxic, hemorraghic, hemolytic, hypotensive, platelet
aggregating, convulsant, edema-forming, cardiotoxic, and pre- and postsynaptic neu-
rotoxicity (Kini 2005). The procoagulant activity of venoms is caused by prothrombin
activators which are similar in structure and function to activated human coagulation
factor X (Xa). Other significant toxins in several genera include natriuretic peptides,
which may cause natriuresis, diuresis, and vasorelaxation (Fry et al. 2005). In addition,
the venoms of the Pseudechis genus contain toxins (pseudechetoxin, pseudecin), which
interfere with membranes by binding to cyclic nucleotide-gated (CNG) ion channels
(Brown et al. 2003). However, pseudechetoxin-like toxins are not confined to the
Pseudechis genus and are also present in many other Australian snake venoms and
target CNG ion channels, modulating the membrane potential and inhibiting the flow of
membrane current in many tissues including brain, heart, and kidney.

The toxins, which threaten human life, cause paralysis, coagulopathy, and rhab-
domyolysis. Paralysis is due presynaptic and postsynaptic neurotoxins (Table 1).
Coagulopathy is due to either the procoagulant effect of prothrombin activators
(factor Xa-like enzymes), with consumption of clotting factors or to a direct

Table 1 Main components of Australian snake venoms

Neurotoxins

Presynaptic and postsynaptic neuromuscular blockers present in all dangerous venomous snakes.
Cause paralysis

Postsynaptic blockers readily reversed by antivenom

Presynaptic blockers are more difficult or impossible to reverse, particularly if treatment is
delayed

Some presynaptic blockers are also rhabdomyolysins
Prothrombin activators
Present in most species

Cause procoagulant coagulopathy and possibly thrombotic microangiopathy with hemolysis and
possible renal failure

Significant risk of spontaneous hemorrhage

Intrinsic fibrin(ogen)lysis generates fibrin(ogen) degradation products
Anticoagulants

Present in a relatively small number of dangerous species

Prevent blood clotting without consumption of clotting factors

Risk of hemorrhage

Rhabdomyolysins

Some presynaptic neurotoxins also cause lysis of skeletal and cardiac muscle
Apart from loss muscle of mass, may cause myoglobinuria and renal failure
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anticoagulant effect. Coagulopathy exposes the victim to spontaneous hemorrhage
while procoagulopathy also exposes the victim to the consequences of thromboem-
bolism. When circulating venom has been neutralized by antivenom, it may be 46 h
or longer before hepatic manufacture of clotting factors can restore normal coagu-
lation. In general, toxins act rapidly but the possibility of local or lymphatic
sequestration and delayed action exists.

Toxins in Australian Snake Venoms

Of the probable thousands of toxins to be found in snake venoms, only a relative few
have been identified and characterized. Only a few percent of worldwide research into
snake venoms concerns Australian snake venoms (Mirtschin et al. 2017). This article
draws attention to the principal toxins and to the recent discoveries, which are directly
relevant to the clinical management of an envenomated victim. Throughout, the names
of snakes used by investigators are conserved even though they may have been
subsequently revised. Additional detailed commentary on toxins discovered prior to
2000 may be found in Australian Animal Toxins (Sutherland and Tibballs 2001).

Research into Australian elapid venoms has mainly focused on the eight elapidae
genera of greatest clinical significance: Acanthophis, Austrelaps, Hoplocephalus,
Notechis, Oxyuranus, Pseudechis, Pseudonaja, and Tropidechis but recent studies
have identified important toxins in many lesser species. The life-threatening toxins
are phospholipases which disrupt neuromuscular function and coagulation. Neuro-
toxic toxins are divided into presynaptic phospholipases which often also have
myotoxic effects and postsynaptic toxins. The latter are antagonists of the nicotinic
receptor on the skeletal muscle and are rapidly acting. Depending on their sequence,
postsynaptic toxins are subdivided into short- and long-chain toxins. These toxins
display different binding kinetics and different affinity for subtypes of nicotinic
receptors (Hodgson and Wickramaratna 2002).

Presynaptic Neurotoxic Phospholipases
The csecreted phospholipases of elapid (and viperid) venoms are a family of relatively
low molecular weight extracellular phospholipases A, (sPLA,) that require Ca™" for
catalytic enzyme activity (Murakami et al. 2011). Those in the venom of elapid and
viperid snakes, Group II sPLA,s, inhibit neurotransmission at neuromuscular junctions
in vertebrate skeletal muscle by attacking the motor neuron (presynaptic, beta-PLA,).
They have masses 13—19 kDa containing 58 disulfide bridges which confer a specific
three-dimensional crystalline structure. They exist as monomers or complexes of 2—5
highly homologous subunits (oligomers) of which at least one is the active lipase.
Examples in Australian snake venoms are taipoxin (Oxyuranus scutellatus),
notexin (Notechis scutatus), and textilotoxin (Pseudonaja textilis). The existence of
oligomers greatly increases binding of the catalytic component to membrane receptors
(Montecucco and Rossetto 2008). Although all neuronal tissue is vulnerable to attack
by phospholipases, it is the events at the neuromuscular junctions which have been
subject to most research using preparations of nerve muscle. The end clinical result of
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PLA, action is flaccid paralysis but experimentally the actions are complex with a
characteristic three-phase response (Sribar et al. 2014). When a toxin is added the
initial response is a transient inhibition of muscle twitch which lasts several minutes.
The second phase is a period of 10-20 min of increased muscle twitch and is related to
indirect increased release of acetylcholine. In phase 3, the muscle twitching declines
progressively and ceases at 1-2 h according to individual toxins but the resting
membrane potential of the muscle is intact and it can still respond to neurotransmitter
stimulation. These observations imply that the clinical onset of neurotoxicity is
relatively slow — compared to coagulopathy which is quite rapid.

Inside the nerve terminal, numerous changes can be observed by electron micros-
copy: synaptic vesicles become depleted; Q-shaped invaginations appear in the
presynaptic membrane; large vesicles form in the cytosol; mitochondria are dam-
aged; and the synaptic boutons detach from the postsynaptic membrane. These
structures then degenerate and the neuronal cytoskeleton fragments. The final
fragmentation of the nerve terminal is preceded by an influx of external Ca™" upon
a change in conductance of certain plasma membrane calcium channels and increase
in plasma permeability of storage sites of intracellular Ca™. A common feature of
the snake venom phospholipases is catalysis of hydrolysis of the ester bond at the
sn-2 position of 1,2-diacyl-sn-3-phosphoglycerides, which are contained in anionic
phospholipids: phosphatidylserine, phosphatidic acid, or phosphorylated phosphati-
dylinositols in the plasma membrane and in the cytosolic leaflets of subcellular
organelles. Not all of the toxicity of the phospholipases is due to their lytic activity
on the cell membrane or inside the cell. Apart from destruction of these phospho-
lipids, the toxins must have, as yet ill-defined, receptors on the membranes. Several
binding sites have been advanced of which one on rat brain synaptic membranes is a
receptor for the beta subunit of taipoxin (vide infra) but its nature is unknown. The
mechanism by which the toxins cross the plasma membrane to the internal cyto-
plasm is unknown. Once in the cytoplasm, toxins bind to cytosolic proteins includ-
ing calmodulin and proteins from the lumen of the endoplasmic reticulum including
crocalbin, a taipoxin-associated Ca' -binding protein and protein disulfide isomer-
ase, and a mitochondrial protein. Internalization of the toxins into nerve cells appears
to be important for full manifestation of neurotoxicity.

Events inside the cell are speculative but the following (simplified) events have
been proposed by Sribar et al. (2014) to explain observations and discoveries:
(1) toxins bind to receptors on the axolemma of presysnaptic neuromuscular junc-
tion; (2) toxins hydrolyze phospholipids of synaptic vesicles associated with the
axolemma causing their exocytosis and release of acetylcholine and change in
conductance of certain Ca™" channels; (3) toxin rapidly internalizes into the nerve
ending probably by multiple processes, one of which may include the recycling of
synaptic vesicles; (4) toxin is translocated to the cytosol and to mitochondria;
(5) toxin interacts with cytosolic proteins (calmodulin, 14-3-3p). Calmodulin stabi-
lizes the toxin and increases its enzyme activity while 14-3-3p presents toxins to sites
on the plasma membrane where synaptic vesicles endocytose; (6) by hydrolyzing the
plasma membrane from the cytosolic side, the toxins prevent the function of
amphiphysin, a protein which senses the curvature of membranes and required for
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the formation and release (endocytosis) of synaptic vesicles from the presynaptic
membrane; (7) toxins bind to receptors on mitochondria and induce opening of
permeability transition pores. Mitochondrial oxygenation uncouples and production
of ATP terminates. Subsequently, the mitochondria degenerates; (8) Ca"" homeo-
stasis is lost due to extended phospholipolysis and consequently increased perme-
ability of the cellular membranes. Calcium enters and triggers additional intracellular
phospholipase and proteinase (calpains) activities which include dissipation of the
F-actin cytoskeleton and extensive degeneration of the nerve ending.

Procoagulants

Many snake venoms worldwide contain prothrombinase complexes consisting of a
serine proteinase factor Xa and cofactors Va, Ca™", and phospholipids. These
prothrombin activators are classified into four groups according to the requirement
for cofactors Va, Ca™", and phospholipids: group A and B prothrombin activators are
metalloproteinases in viperid and crotalid venoms whereas group C and D are serine
proteinases in elapid venoms.

Group C and D prothrombin activators are only found in Australian elapid snake
venoms. Group C prothrombin activators resemble mammalian factor Xa-Va complex
and only require Ca"" and negatively charged phospholipid but not FVa (Kini 2005).
They have been purified and characterized from venom of Taipan (Oxyuranus
scutellatus) venom (Walker et al. 1980; Speijer et al. 1986) and from Brown snake
(Pseudonaja textilis) venom (Masci et al. 1988; Stocker et al. 1994; Rao and Kini 2002).
Group D prothrombin activators are structurally and functionally similar to factor Xa
(Kini 2005) and are strongly stimulated by addition of Ca*", negatively charged phos-
pholipid and FVa. They are present in venoms of Tiger snake (Notechis scutatus) venom
(Tans et al. 1985), Rough-scaled snake (Tropidechis carinatus: trocarin) venom (Morri-
son et al. 1987; Marsh et al. 1997; Joseph et al. 1999; Rao et al. 2003), Stephen’s banded
snake (Hoplocephalus stephensi: hopsarin) venom (Rao et al. 2003), and the Peninsula
Tiger snake (Notechis ater niger) venom (Williams and White 1989; Rao et al. 2003).
These prothrombin activators usually constitute a considerable portion of the venoms
(Joseph et al. 1999; Rao and Kini 2002; Rao et al. 2003) and in victims’ blood would
probably be at higher concentrations than their target coagulation factors (Kini 2005).

From a clinical perspective, the process of procoagulation caused by Australian
snake venoms results in consumption of coagulation factors, including fibrinogen and
the onset of intrinsic fibrinolysis. (Australian snake venoms do not appear to contain
fibrinolytic agents.) The laboratory tests of prothrombin time and activated plasma
thromboplastin time are both very prolonged, sometimes unmeasurable, and blood is
incoagulable. Serum fibrinogen and other factors are very low or undetectable and
fibrin(ogen) degradation products are generated. The platelet count is also often very
low as a direct result of procoagulopathy. Infusions of purified Brown snake and Tiger
snake prothrombin activators cause thrombocytopenia because of the end-product,
thrombin, is a well-known aggregator of platelets. These effects are prevented by
heparin (Tibballs 1998a; Tibballs et al. 1992). The platelet count is probably also
depressed because venoms have a direct effect on platelets: in vitro venoms induce
aggregation of washed platelets (Marshall and Herrmann 1989).
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The procoagulant coagulopathy has been referred to variously as: “disseminated
intravascular coagulation (DIC)” as may be caused by bacterial toxins; “defibrin-
ation coagulopathy”; and “venom-induced consumption coagulopathy (VICC).”
The nature of the process remains insufficiently defined and hence these descriptive
terms should not be regarded as necessarily explicative. Until the process is better
understood, it is preferable to regard it simply as “procoagulant coagulopathy,”
which has three important clinical consequences as follows.

Spontaneous Hemorrhage

The risk of cerebral hemorrhage is not inconsiderable with procoagulant
coagulopathy. For example, of 552 snakebite cases with procoagulopathy, 6 (1%)
(who all had systemic hypertension) developed intracranial hemorrhages of whom
5 died despite antivenom therapy (Berling et al. 2015). Four of the victims had
clinical evidence of hemorrhage within 8-12 h and 2 within 3 h. On this basis, it
would be reasonable to administer exogenous coagulation factors but only after
antivenom, particularly if the victim has hypertension, while waiting the endogenous
hepatic reproduction of coagulation factors.

Acute Cardiovascular Collapse

This is also a consequence of procoagulant coagulopathy. The collapse may be
transient or lead to death. It has been postulated that thromboembolic phenomena
may also be the basis for acute cardiovascular collapse caused by venom and
prothrombin activator from Pseudonaja textilis (Tibballs et al. 1989, 1992) and by
venom and prothrombin activator from Notechis scutatus (Tibballs 1998a, b) — effects
which are prevented by heparin. This is supported by the work of Chaisakul et al.
(2013, 2015) who showed that the venom of Pseudonaja textilis and subunits of the
prothrombin activator (Pseutarin C) isolated from its venom cause rapid cardiovas-
cular collapse in animals. The mechanism of hypotension may be multiple. Chaisakul
etal. (2012, 2014) also showed that cardiovascular collapse in animals was caused by
a PLA, phospholipase in Papuan Taipan (Oxyuranus scutellatus) venom and by its
subfractions via direct vasorelaxation and via the release of autacoids.

Microangiopathic Hemolytic Anemia (MAHA)
This is not infrequent and has been observed after Brown, Taipan, Tiger, and
Stephen’s banded snake envenomation (Isbister et al. 2007a; Ho et al. 2010; John-
ston et al. 2017). Since no specific toxin has been identified in venoms of pro-
coagulant snakes and it has not been reported after envenomation by an
anticoagulant snake, it appears to be a consequence of procoagulant coagulopathy
and not a separate condition. In this phenomenon, microthrombi lodge in small
vessels and damage transiting red blood cells which appear on a blood film as
schistocytes, fragmented or haemolyzed and accompanied by thrombocytopenia.
A consequence of this microembolization is renal dysfunction and the victim may
require renal support therapy such as hemofiltration or hemodialysis.

The clinical observations resemble those in hemolytic uremic syndrome and
thrombotic thrombocytopenic purpura — conditions associated with deficiency of
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or antibodies to ADAMTSI13 (a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13) also known as von Willebrand factor-
cleaving protease, a zinc-metalloprotease enzyme that cleaves von Willebrand factor
(vWf) — a multimeric protein involved in blood coagulation. The absence of normal
breakdown of vWf by ADAMTSI13 leads to fibrin and platelet deposition of fibrin
and platelets in small blood vessels, notably in the brain and kidney. Plasmapheresis
is often undertaken to remove antibody to ADAMST13 and to replace deficiency. In
a case of MAHA after presumed Tiger snake envenomation (Ho et al. 2010),
plasmapheresis with fresh frozen plasma replacement was employed even though
the ADAMTSI13 activity prior to plasmapheresis was normal (85%). The role of
plasmapheresis in addition to hemofiltration/dialysis however remains uncertain —
renal failure was managed as well with or without plasmapheresis in addition to
hemofiltration/dialysis in five of six patients with MAHA (Isbister et al. 2007b). For
victims with renal failure requiring renal support (haemofiltration/dialysis) after
coagulant procoagulopathy, a reasonable course would be measure ADAMST13
activity before embarking upon plasmapheresis.

Anticoagulants

Envenomation by Black snakes (Pseudechis) causes a state of anticoagulation. This
is characterized by incoagulable blood with laboratory findings of prolongation of
prothrombin time and activated pla