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11.1. Introduction

Botulism is an acute neuroparalytic disease of humans

and animals caused through the action of botulinum

neurotoxins (BoNTs) primarily acting at the neuro-

muscular junction (NMJ) of somatic nerves that inner-

vate cranial and skeletal muscle. This results in the

blockade of release of acetylcholine (ACh) with ensu-

ing denervation and accompanying muscle paralysis

and atrophy. BoNT also blocks neurotransmission at

cholinergic parasympathetic and postganglionic sym-

pathetic nerves, affecting smooth muscle activity and

glandular and secretory functions and impairing cer-

tain autonomic activities. Botulism generally presents

with symptoms of fatigability affecting bulbar and

ocular musculature and, in severe cases, weakness of

the neck, limbs, torso and ensuing generalized paralysis.

Botulism can be life-threatening, generally due to

respiratory paralysis and failure and occasionally due

to secondary infections or cardiac arrest. Although botu-

lism is considered an acute intoxication, the duration of

paralysis can last for weeks to months and complete

recovery requires restoration of neurotransmission and

muscle function. During the past century, death caused

by botulism has decreased from ca. 70% to ca. 10%

worldwide due primarily to clinical recognition of the

disease, prompt administration of antitoxin, intensive

nursing care, mechanical ventilation, parenteral feeding

and control of secondary infections. Botulism outbreaks

have had dramatic and devastating impacts on human

and animal populations in which they occur (Meyer,

1956; Dolman, 1964).

Botulism is a true toxemia, caused solely through

the action of BoNT at cholinergic nerve terminals.

BoNTs are protein toxins of 150 kDa produced by
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neurotoxigenic bacteria of the genus Clostridium.

Seven serotypes (A, B, C, D, E, F and G) are currently

distinguished (Sugiyama, 1980; Sakaguchi, 1983;

DasGupta, 1989; Schiavo et al., 2000). BoNTs are the

most poisonous substances known and, currently, there

is no antidote to botulism other than passive administra-

tion of antitoxin within hours after toxin exposure or

immunization of at-risk individuals prior to exposure

(Arnon et al., 2005). Since botulism is an extremely rare

disease, general immunization of human populations is

not practical and would prevent the pharmaceutical

use of BoNT for treatment of human disease (Johnson,

1999).

Six clinical forms of botulism are recognized

(Hatheway, 1995; Centers for Disease Control, 1998;

Cherington, 2004): 1. classic foodborne botulism;

2. wound botulism; 3. intestinal botulism including

infant botulism; 4. inhalational botulism; 5. botulism

of unknown source; and 6. inappropriate administra-

tion of botulinum toxin during its use as a pharmaceu-

tical agent (iatrogenic botulism). Intentional botulism

poisoning by oral or inhalation exposure such as in a

bioterrorist event could be considered as a seventh

class with potentially severe consequences (Hatheway

and Dang, 1994; Caya et al., 2004). Foodborne botu-

lism through ingestion of BoNT by the oral route

is the most prevalent natural form of botulism that

occurs worldwide. However, currently the most com-

mon route of exposure of humans to BoNTs is by

injection for medicinal treatment of a variety of neuro-

logical disorders and therapeutic uses, a remarkable

development of this toxin (Scott, 1989; Schantz and

Johnson, 1992; Jankovic and Hallett, 1994; Johnson,

1999; Moore and Naumann, 2003). A very large num-

ber of injections are performed each year in humans
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and the disease syndromes being treated continue to

expand at a rapid rate.

The primary objective of this chapter is to address

the pathophysiology of botulism with emphasis on the

basic science governing the clinical effects, diagnosis,

treatment and recovery. Recent aspects regarding epide-

miology, pathophysiology and molecular mechanisms

of BoNTs are briefly described. Several excellent and

in-depth reviews on the biochemistry, structure and phar-

macology of BoNT are available (Schiavo et al., 2000;

Brin et al., 2002; Moore and Naumann, 2003; Jahn and

Scheller, 2006) and the reader is referred to these treatises

for in-depth descriptions of these subjects.

11.2. Brief history of botulism
as a neuromuscular disorder

Botulism is a presynaptic myasthenic neuromuscular

syndrome exhibiting muscle weakness as its primary

clinical sign. As such, it shares similarities with other

myasthenic syndromes such as myasthenia gravis and

Lambert–Eaton syndrome as well as a number of other

congenital and acquired diseases and chemical and

biological intoxications (Kaminski, 2003; Meriggioli

et al., 2005; Holmes et al., 2006). Botulism likely

occurred as a dreaded food poisoning in ancient cul-

tures, including the 10th century edict of Emperor

Leo VI of Byzantium (886–911), who forbid the pre-

paration of raw sausages (Wright, 1955; Koenig,

1971; Smith and Sugiyama, 1988). The symptoms of

botulism were described as a muscle-weakening syn-

drome by Justinus Kerner (1786–1862) in persons

who had consumed uncooked blood sausages (Kerner,

1820; Devriese and Devriese, 2001; Ergguth, 2004).

Despite the recognition of the clinical aspects of the

disease, the responsible toxic agent remained elusive

until 1895, when the toxigenic bacterium (Bacillus

botulinus) and the causative toxin (botulinum neuro-

toxin, BoNT) were described by Emile Pierrre van

Ermengem in a remarkable series of experiments from

a food poisoning outbreak in Belgium (van Ermengem,

1897a, b, 1979; Devriese and Devriese, 2001). In the

mid-to-late 1900s it was established that botulism also

could result from wound and intestinal infections in

humans and that botulism affected a variety of animals

(Johnson and Goodnough, 1988; Smith and Sugiyama,

1988; Hatheway, 1995). Transmission of BoNT in

stable aerosols in bioterrorism events has been evalu-

ated and even attempted in modern times and botulism

occurrence from bioterrorist events is considered to be

a serious concern (Hatheway and Dang, 1994; Caya

et al., 2004; Bigalke and Rummel, 2005).

Botulism is a rare disease, and it has been studied less

extensively than many other neuromuscular disorders.
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It is often considered of low priority in the differential

diagnoses of myasthenic disorders except under special

circumstances such as in foodborne botulism outbreaks

that affect several individuals from a single food source.

Being rare, many physicians and neurologists have not

encountered botulism in their practices. As such, less

information is available regarding certain clinical

aspects and pathophysiology of botulism compared to

more common myasthenic syndromes.

11.3. Sources of botulinum neurotoxins

Botulinum neurotoxins are produced by a heteroge-

neous group of clostridial bacteria that differ widely in

genetic and metabolic characteristics (Popoff, 1995;

Hatheway and Johnson, 1998; Franciosa et al., 2003;

Johnson, 2007). The exceptional feature of neurotoxi-

genic clostridia is their formation of a characteristic

neurotoxin of extraordinary potency for humans and

certain animals (botulinum and tetanus neurotoxins)

(Sugiyama, 1980; Sakaguchi, 1983; Schiavo et al.,

2000). Other key features of the neurotoxigenic clostri-

dia are their anaerobic metabolism and the production of

spores, which have high resistance to chemicals and

physical agents (Hathew ay and Johnson, 1998; Setlow

and Johnson, 2007). The resistant spores are widely dis-

tributed in the biosphere and are disseminated in dust,

waters, vapors, sewage and various fomites such as

insects fromwhich they readily contaminate most envir-

onments including soils, waters, humans and animals,

households and buildings, as well as commodities such

as foods (Hatheway and Johnson, 1998; Johnson,

2007). Under permissive nutritional and physical condi-

tions (anaerobiosis, low acid, pH > 4.5, relatively low

concentrations of salt and sugar and nutrient suffi-

ciency) the spores germinate to form vegetative cell

populations and elicit BoNT (Smith and Sugiyama,

1988; Franciosa et al., 2003; Johnson, 2007). The natural

habitats of neurotoxigenic clostridia are soils and sedi-

ments and the intestinal contents of certain insects

and animals (but not healthy humans) (Popoff, 1995;

Hatheway and Johnson, 1998; Johnson, 2005c). Unlike

many other pathogenic bacteria, neurotoxigenic clostri-

dia are saprophytic and do not have an obligatory rela-

tionship with an animal host (Hatheway and Johnson,

1998; Johnson, 2005c).

Recognized species of neurotoxigenic clostrida are

Clostridium botulinum (a large collection of heteroge-

neous strains that have the common property of produ-

cing BoNT) and rare strains of Clostridium butyricum
andClostridium baratii (Hatheway, 1995; Popoff, 1995;
Johnson and Goodnough, 1998; Franciosa et al., 2003;

Johnson, 2005a, c). The heterogeneous nature of the

neurotoxigenic clostridia suggests that genes for BoNT
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have been laterally transferred by plasmid exchange or

bacteriophage infection to distinct clostridial species

throughout evolution and possibly in contemporary time

since most of the new toxigenic species have been iso-

lated from the human intestine (Popoff, 1995; Johnson,

2005b).

Since the primary target of BoNTs is the neuromus-

cular junction of eukaryotes and particularly verte-

brates that evolved billions of years after the initial

appearance of the clostridia, the evolution of the BoNT

toxin is an intriguing question. Our present view cer-

tainly represents only a snapshot in millions of years

of evolution. Nucleotide and amino acid sequence stu-

dies of the gene as well as structural analyses of the

neurotoxins has shown that the BoNT family of toxins

comprises a group of highly chimeric molecules of

various origins (Niemann, 1991; Lacy and Stevens,

1999 ; Lacy et al., 1998). Structu ral and amino acid

sequence analyses have shown that BoNT contains

segments of genes/proteins from a myriad of organ-

isms (Lacy and Stevens, 1999). Certain properties of

BoNTs, especially their synthesis as a polyprotein

in a protein complex (Johnson and Bradshaw, 2001;

DasGupta, 2006), and similarities in mechanisms of

cellular uptake related to certain viruses, suggest that

neurotoxigenic clostridia may have acquired portions

of the BoNT gene from a neurotropic viral source.

Several of the BoNT gene complexes were shown to

be associated with mobile genetic elements including

bacteriophages, plasmids, transposons and IS (inser-

tion) elements that can be transferred to other bacterial

cells and populations (Johnson and Bradshaw, 2001;

Johnson, 2005b). Thus, it is likely that the evolutionary

diversity of the BoNTs will continue to expand and it

is anticipated that additional clostridial species and per-

haps other groups of bacteria will be discovered that

produce functional BoNTs poisonous to humans and

animals.

BoNTs are currently categorized into seven immu-

nologically distinguishable serotypes (serotypes A–

G), whereby polyclonal antibodies raised against puri-

fied BoNTs neutralize the toxicity of the homologous

but not the heterologous serotypes in the mouse bioas-

say (Hatheway, 1988; Giménez and Giménez, 1993).

The mouse bioassay, first introduced in 1939 for

detection of botulism in humans (Schneider and Fisk,

1939), is the principal method for assaying and

serotyping BoNTs. In the currently used intraperito-

neal mous e bioassay (Schantz and Kautter, 1978;

Hatheway, 1988; Centers for Disease Control, 1998;

Solomon et al., 2001), the LD50 for a 20 g mouse is

ca. 7–12 pg for purified BoNT/A and is ca. 20–36 pg

for BoNT/A-complex (Schantz and Johnson, 1992;

Malizio et al., 2000). All seven serotypes of BoNTs

BOT
have an intraperitoneal specific toxicity of �108

LD50 per mg in mice (Sugiyama, 1980), but the toxi-

city for different animal species including humans var-

ies markedly according to serotype and route of

exposure (Morton, 1961; Schantz and Johnson, 1992).

The mouse bioassay has certain drawbacks includ-

ing the need for large numbers of mice, 2–4 days to

obtain definitive results and specimens such as stools

and foods may contain lethal substances unrelated to

BoNT (Hatheway, 1988). For example, pyridostigmine

that had been administered to a patient originally

thought to have myasthenia gravis was lethal to mice

and presented difficulties in the diagnosis of botulism

(Horowitz et al., 1976). Therefore, the assay must be

carefully performed with proper controls and the use

of serotype-specific antibodies to definitively identify

the lethal substance as BoNT (Hatheway, 1988). Several

other methods provide biological assays of BoNTs

including neuronal cells, tissue preparations such as

mouse or rat hemidiaphragm, and others (Habermann

and Dreyer, 1986; Habermann, 1989; Johnson, 2005a;

Pellett et al., 2007).

Most neurotoxigenic clostridia strains produce a sin-

gle serotype of BoNT, while some strains produce more

than one serotype or have silent unexpressed genes for a

different serotype of BoNT (Hatheway, 1995; Franciosa

et al., 2003; Johnson, 2005a). Recently, strains of

C. botulinum have been recognized that produce sub-

types of BoNT within a given serotype that differ sub-

stantially in amino acid composition, structure and

biological activity compared to the primordial toxin

(Smi th et al., 2005 ; Arndt et al., 2006b) . Th e serotype s

of BoNT that cause human botulism are A, B, E and

(rarely) F (Wright, 1955; Koenig, 1971; Woodruff

et al., 1992; CDC, 1998; Sobel, 2005). All serotypes of

BoNTs tested can cause botulism when administered

intravenously or by inhalation and they differ markedly

in potency by these routes (LeClaire and Pitt, 2005; Pitt

and LeClaire, 2005). The different serotypes also vary

in clinical properties including time to onset of symp-

toms, autonomic effects, severity and duration of the

disease and time to recovery (Koenig, 1971; Woodruff

et al., 1992; Hatheway and Dang, 1994; CDC, 1998).

In general, BoNT/A causes the most severe and long-

lasting and BoNT/E the shorter-lasting human botulism.

When BoNT/A-complex is injected in striated

muscle, paresis commences within 2–8 days and lasts

for 2–3 months when its effects begin to diminish

(Dressler and Saberi, 2005; Johnson et al., 2006).

The onset and duration of paralysis not only varies

with toxin serotype and animal model, but also among

patients. The extent of paresis is correlated with the

dose of BoNT injected and these parameters can be

optimized for the pathological condition to be treated
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(Dres sler and Rothw ell, 2000). The duration of act ion

shows a correlation primarily at low doses injected

(Dressler and Saberi, 2005). When high doses are

used, the duration appears to maximize at �3 months

for BoNT/A. Different preparations of BoNT/A and

BoNT/B may have different potencies and therapeutic

effects. Certain BoNT/A-complexes prepared and for-

mulated by different methods are approved for clinical

use and these appear to differ in their therapeutic efficacy

(e.g., see recent review by Wenzel et al., 2007).

Some autonomic symptoms appear to be more pro-

minent with BoNT/B than with BoNT/A (Dressler and

Benecke, 2003). Autonomic effects between BoNT/

A-complex and BTX/B-complex were compared in a

double-blind, randomized trial in patients being treated

for cervical dystonia (Tintner et al., 2005). BoNT/

B-complex exhibited greater autonomic effects than

BoNT/A-complex as indicated by decreased saliva

production and increased severity of constipation, but

not other autonomic functions such as orthostatic

hypotension, heart rate or heart rate variation with

respiration. Factors contributing to the difference in

autonomic symptoms between the two serotypes may

include the different quantities of BoNT/B to BoNT/A

(50:1) used, which in turn determines toxin spreading

from the site of injection, increased susceptibility of

the cholinergic autonomic terminals to BoNT/B than

BoNT/A and a greater systemic response to BoNT/B.

One study in dogs indicated that BoNT/A-complex

inhibited cholinergic ganglionic neurotransmission in

dog heart (Tsuboi et al., 2002), but other studies showed

no effects on heart rate (Claus et al., 1995; Meichsner

and Reichel, 2005).

11.4. Toxicity and antitoxins

BoNTs are the most potent protein toxins known and

their toxicity depends on the route of entry into the

human body. They can enter the blood through the

intestine, wounds and mucosal membranes. The esti-

mated intravenous and intramuscular human lethal

doses of BoNTs are 0.1–1 ng per kg body weight (Gill,

1982; Schantz and Johnson, 1992; Hatheway and

Dang, 1994), whilst more than a one thousand times

lower toxicity is detected using the oral route (Morton,

1961; Hatheway and Dang, 1994; Larson and Johnson,

unpublished review 2005); for aerosol exposure, the

lethal dose has been estimated to be 1–75 ng per kg

depending on the serotype and efficiency of exposure

(Pitt and LeClaire, 2005). These estimates are based

mainly on primate exposure studies and investigations

of quantities of toxin in foods implicated in foodborne

botulism (Lamanna, 1959; Morton, 1961; Schantz and

Johnson, 1992; Hatheway and Dang, 1994; Larson and
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Johnson, unpublished review 2005). It is expected that

infants and children have substantially increased sen-

sitivity to intoxication due to the reduced size of certain

NMJs, including those innervating the respiratory dia-

phragm, paralysis of which can be linked to death.

The number of BoNT molecules required to cause

intoxication, morbidity and death of animals and

humans is an intriguing subject. For example, when con-

sidered in terms of total body cells, it has been estimated

that 20–70 ng or �8 � 1010 to 3 � 1011 molecules of

botulinum neurotoxin (molecular mass ¼ 150 kDa) is

sufficient to produce lethality in a ca. 70 kg adult

human (Lamanna, 1959). It has been estimated that

ca. 10 molecules of BoNT/A are sufficient to cause

blockade of neurotransmitter releases at a NMJ (Boroff

et al., 1974). It is well known that stimulation of nerve

activity enhances the toxicity of BoNT in tissue pre-

parations which can influence toxicity (Hughes and

Whaler, 1962). It should be noted that much lower

amounts of BoNTs are sufficient to lead to death of ani-

mals in the wilderness as even minor impairment of

functions can be lethal, as in the case of the diplopia of

birds with respect to flight and landing abilities. With

the recent elucidation of receptor molecules for certain

serotypes, it has become evident that presynaptic activ-

ity is necessary for uptake and poisoning of cells and

nerves in vivo (reviewed in Verderio et al., 2006). Once

synaptic activity subsides, additional BoNT cannot

enter the poisoned neuron and will be directed to non-

poisoned nerve cells. Thus, C. botulinum has evolved a

cunning means of pathogenesis through synthesis of

BoNT, sincewhen synaptic activity is shut downby intra-

cellular toxin activity, uptake by poisoned nerves is also

prevented and this in turn promotes spread of BoNT to

active neurons.

Antitoxins to botulinum neurotoxins have been used

extensively for characterization of BoNTs and for treat-

ment of individuals with botulism (Tacket et al., 1984;

Arnon et al., 2006). In 1897, Kempner first demon-

strated that antitoxins against BoNT/A could be raised

in goats by injection of inactivated crude botulinum

toxin. His findings that BoNTs are antigenic proteins

and that antitoxins against the toxins could reduce the

severity of botulism has been confirmed and forms the

mainstay of prophylaxis on intoxication (Kempner,

1897). Antitoxin antisera prepared against different

BoNTs neutralize the homologous but not the heterolo-

gous serotype and a polyvalent antitoxin antiserum

appears necessary for therapy. Antitoxins are presently

used to confirm the identity of BoNTs and intravenous

administration provides a first-line defense that is pro-

tective against botulism, lessens the symptoms and short-

ens the hospital stay (Tacket et al., 1984; Mayers et al.,

2001; Chang and Ganguly, 2003; Arnon et al., 2006).
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Recently, BabyBigW has been approved in the USA for

administration to infants with botulism (Arnon et al.,

2006).

Since botulism occurs rarely in humans, it is not prac-

tical to routinely immunize human populations. Natural

immunity has not been observed in humans, even in

individuals who have experienced repeated botulism.

However, antibody formation is an important considera-

tion in the treatment of humans with BoNT for therapeu-

tic uses (Borodic, 2007). The possibility of developing

an immune response is related to the quantity of antigen

presented and the frequency of exposure (Hatheway and

Dang, 1994; Borodic et al., 1996; Borodic, 2007). The

dose of toxin required to elicit an antibody response is

not known, yet clinical experience indicates that it is

higher than the lethal dose. Humans who routinely han-

dle BoNTs can be effectively immunized by pentavalent

toxoid available from the CDC and other international

governmental agencies (CDC, 1998).

11.5. General properties of botulinum
neurotoxin

Biochemical and structural investigations of BoNT

and TeNT and their domains have provided consider-

able insight into their evolution and mode of action

(DasGupta, 1989; Schiavo et al., 2000; Hanson and

Stevens, 2002; Swaminathan and Eswaramoorthy,

2002). BoNTs are synthesized as inactive single

chain molecules of 150 kDa, that assume their char-

acteristic high toxicity by proteolytic activation into a

ca. 100 kDa heavy chain (HC) and a ca. 50 kDa light

chain (LC) that remain linked by a single disulfide

bond (DasGupta, 1989; Schiavo et al., 2000). Reduc-

tion of the disulfide bond is necessary for maximal

catalytic activity in vitro and in vivo and may be a

rate-li miting step in cat alytic action (Schi avo et al.,

1990; de Paiva et al., 1993; Antharaval ly et al., 1998 ).

The carboxy-terminus HC comprises the structural

domain for receptor binding to gangliosides and to pro-

teins (Schiavo et al., 2000; Nishikawa et al., 2004; Chai

et al., 2006; Jin et al., 2006; Uotso et al., 2006; Baldwin

and Barbieri, 2007) and the N-terminus of the HC

contains the function for channel formation and translo-

cation of the LC from endosomes to the neuronal cytosol

(Hoch et al., 1985; Schiavo et al., 2000; Koriazova and

Montal, 2003). The LC is a Zn2þ-dependent endopepti-
dase that selectively cleaves neuronal substrates

involved in synaptic vesicle trafficking and membrane

fusion (Montecucco and Schiavo, 1995; Schiavo

et al., 2000).

BoNTs occur naturally in toxin complexes, commonly

referred to as progenitor toxins (Sakaguchi, 1983;

Schantz and Johnson, 1992; Johnson and Bradshaw,

BOT
2001). In these complexes, BoNT is associated with non-

toxic proteins, primarily non-toxic non-hemagglutinin

(NTNH), hemagglutinin in certain serotypes, uncharac-

terized proteins and RNA (Sakaguchi, 1983; Schantz

and Johnson, 1992; Inoue et al., 1996; Johnson and

Bradshaw, 2001; Dineen et al., 2003, 2004). The struc-

ture of the complexes seems dependent upon the genetic

composition and expression of the complex compo-

nents (Sakaguchi, 1983; Johnson and Bradshaw, 2001;

Dineen et al., 2003, 2004) as well as purification meth-

ods (Sakaguchi, 1983; Schantz and Johnson, 1992).

The biochemical, biophysical and structural aspects of

the toxin complexes are only beginning to become

known (Hanson and Stevens, 2002). The non-toxic pro-

teins in the complexes provide protection during experi-

mental manipulations and from acid and proteases

during passage through the gastrointestinal tract (Sugii

et al., 1977; Sakaguchi, 1983; Schantz and Johnson,

1992). The different complexes also differ in their safety

margins and therapeutic indexes from the perspective

as a protein drug for human treatment (Aoki, 2002;

Yoneda et al., 2005).

Purified BoNTs can be purified from the toxin

complexes by established techniques (DasGupta and

Rasmussen, 1983; DasGupta and Sathyamoorthy,

1984; Malizio et al., 2000). An important factor contri-

buting to the structure and function of BoNTs has been

the availability of highly purified neurotoxins free of

accessory proteins, contaminating proteases or other

enzymes. The isolated neurotoxin can be unstable,

prone to aggregation, zinc removal, protease modifica-

tion and auto-fragmentation under certain conditions

(DasGupta and Dekleva, 1990; DasGupta et al., 2005;

DasGupta, 2006; Keller, 2006; Paik et al., 2006). The

loss of activity of BoNTs has negatively affected

in vitro and animal studies as well as use of BoNTs

for therapy (Schantz and Johnson, 1992; Gartlan and

Hoffman, 1993; McLellan et al., 1996).

Three-dimensional structures have been obtained

by crystallography for the holotoxins of types BoNT/

A and BoNT/B in solution (Lacy and Stevens, 1999;

Swaminathan and Eswaramoorthy, 2000, 2002; Hanson

and Stevens, 2002) and for all seven serotypes of

L chains (not including subtypes) (e.g., Arndt et al.,

2006a). The structure of BoNT/A was initially achieved

by Stevens and colleagues in 1998 at 3.3-Å resolution

(Lacy et al., 1998) (Fig. 11.1) and BoNT/B by

Swaminathan and colleagues in 2000 at 1.8-Å

(Swaminathan and Eswaramoorthy, 2000). BoNT/A

and BoNT/B have similar structures consisting of three

distinct domains (Lacy and Stevens, 1999; Swami-

nathan and Eswaramoorthy, 2000, 2002; Hanson and

Stevens, 2002). These domains represent the carboxy

terminus of the heavy chain (HCC) (binding domain),
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Fig. 11.1. Linear depiction (top) and three-dimensional struc-

ture (bottom) of the 150 kDa botulinum neurotoxin type A.

The toxin is produced as a single chain protein, which is acti-

vated to the di-chain form by proteolysis. Three primary

domains, receptor binding domain, translocation domain and

the catalytic domain, are present in the neurotoxin.
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amino terminus of the heavy chain (HCN) (translocation

or channel domain) and the light chain (LC) (catalytic

domain). The structural depiction of functional domains

is consistent with the toxic activity of the BoNTs deter-

mined by various biochemical and physiological

approaches and with its mechanism of cell intoxication.

The major differences in 3-D structure between the two

serotypes are mainly in the receptor binding and cataly-

tic domains, which are anticipated by the differences in

the amino acid sequences in these regions and their

known binding to different protein receptors and cata-

lytic activity on different SNARE proteins. Subtle

differences in the translocation domain and the belt sur-

rounding the catalytic site have also been recognized.

The structure complexity has increased with the find-

ings of subty pes of BoNTs ( Smith et al., 2005 ; Arndt

et al., 2006b) and it will be int eresting to dete rmine

whether these newly found subtypes have biological

properties that are distinct from the prototype BoNTs,

thus increasing the pathogenic spectrum of BoNTs.

11.6. Clinical aspects

11.6.1. Types of botulism

The primary target of BoNTs is the NMJ of the peripheral

nervous system and BoNT also binds to preganglionic

sympathetic and parasympathetic nerve endings, post-

ganglionic parasympathetic nerve endings and efferent
motor nerve endings (Simpson, 2000). Botulism is a

blood-borne toxicosis and the susceptibility of animals

to different serotypes varies considerably across species.

In humans, the primary serotypes of BoNT responsible

for botulism are A, B, E and, rarely, F. The different

forms of botulism have been categorized mainly by the

route by which BoNT enters the bloodstream and the

age of the subject. The times of onset, duration of action,

symptoms and clinical course varies depending on the

serotype of BoNT and the type of botulism, with serotype

A causing a more dangerous and long-lasting disease.

11.6.2. Foodborne botulism

Foodborne botulism is caused by the consumption of

pre-formed BoNT-complexes in foods. In some food-

borne outbreaks, several persons are intoxicated by

sharing contaminated food which can be of value in

recognizing an outbreak, while the majority of out-

breaks affect a single person (CDC, 1998; Shapiro

et al., 1998; Sobel et al., 2004). In the United States,

botulism is one of the most precisely recognized food-

borne illnesses, since all hospitalized cases must be

reported to the Centers for Disease Control and Pre-

vention in Atlanta (CDC, 1998). Fortunately, food-

borne botulism is quite rare worldwide, but similar to

other acute diseases it is undoubtedly under-reported

in that mild cases probably are not diagnosed

(Woodruff et al., 1992). Certain countries currently

do not have adequate public health facilities for botu-

lism diagnosis and treatment, but efforts are being

made to develop surveillance and treatment programs

in these areas (Shapiro et al., 1998; Villar et al.,

1999). The establishment of networks to provide

access to botulinum antitoxins could also reduce

morbidity and mortality (Abgueguen et al., 2003).

The incidence of foodborne botulism varies mark-

edly by geographic region worldwide (Hauschild

and Dodds, 1993; Hatheway, 1995; Johnson and

Goodnough, 1998; Shapiro et al., 1998; Sobel, 2005).

This regional incidence is related to the serotype and

prevalence of spores in the soil and associated foods,

as well as food preservation and consumption practices

within a region. The principal regions of the world

with reported foodborne botulism have been reviewed

(Hauschild and Dodds, 1993; Johnson and Goodnough,

1998). Worldwide, case fatality rates from foodborne

botulism have been estimated to range from 5–15%,

with a mean of 10% (Varma et al., 2004). In the United

States, type A has caused the most severe botulism and

incidence of fatalities (5–7% deaths), compared to types

B and E (1–3% deaths). The incidence and character-

istics of foodborne botulism in the United Kingdom

(McLauchlin et al., 2006), Thailand (Ungchusak et al.,

C. MONTECUCCO
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2007), South Africa (Arntzen et al., 2004), Republic of

Georgia (Varma et al., 2004) and Argentina (Villar

et al., 1999) have recently been described. With an

increasingly globalized food supply and changes in food

consumption, countries are observing types of botulism

previously uncommon for that region (e.g., Boyer et al.,

2001).

11.6.3. Wound botulism

Wound botulism results from the infection of a wound

with C. botulinum and subsequent localized production

of BoNT in the wound and its entry into the blood-

stream (Dezfulian, 1989; Maselli et al., 1997; Werner

et al., 2000; Gordon and Lowy, 2005). Wound botu-

lism is suspected following trauma or a superficial

wound without obvious infection and no history of

consumption of botulinogenic food. Although adult

tetanus and wound botulism occur under similar pre-

disposing conditions, wound botulism is much more

rare than tetanus, even though the general population

is not immunized against BoNT. C. botulinum strains

appear to have a weak ability to grow in wounds

compared to C. tetani. Like other forms of botulism,

wound botulism is quite rare and only about 1000

cases have been reported since its recognition in

1943 (Davis, 1951; Wer ner et al., 2000 ). Wound botu-

lism has recently increased in incidence and geogra-

phical distribution due to its association with

intranasal use of cocaine and subcutaneous injection

of heroi n (Ma cDonal d et al., 19 86; Elston et al.,

1991; Werner et al., 2000 ). An unfor tunate case of

wound botulism was reported in a 5-year-old boy

who died from toxin produced in a tooth abscess

(Weber et al., 1993). Most wound botulism cases are

caused by C. botulinum type A producing BoNT/A in

the wound, which is absorbed into the bloodstream.

A distinguishing feature of wound botulism compared

to foodborne botulism is the longer incubation time of

4–14 days (Merson and Dowell, 1973), presumably

reflecting the need for C. botulinum to colonize the

wound and grow to sufficient levels to produce quanti-

ties of toxin required for illness.

Rare cases of wound botulism cases have occurred

following intestinal surgery and disruption of the

integrity of the intestine and composition of intestinal

microflora (Chia et al., 1986; McCroskey and Hathe-

way, 1991). This form of botulism was initially sus-

pected in a patient who had undergone ileojejunal

bypass for obesity (English et al., 1981). Botulinum

toxin is produced in these intestinal lesions and

absorbed into the blood. Since wound botulism is rare,

misdiagnosis and delay or failure in treatment have

been encountered (Werner et al., 2000; Reller et al.,

BOT
2006). Like other forms of botulism, predictors of sur-

vival in wound botulism are rapid diagnosis, prompt

administration of antitoxin and mechanical venti-

lation for persons with respiratory failure (Werner

et al., 2000; Sandrock and Murin, 2001; Reller et al.,

2006).

11.6.4. Infant botulism

In 1976, infant botulism was suspected in two babies

in California that had clinical signs of weakness char-

acteristic of floppy babies (Pickett et al., 1976). The

clinical diagnosis of botulism was confirmed by the

detection of C. botulinum and BoNT in the feces of

the suspected infants (Midura and Arnon, 1976). Initi-

ally, it was considered that the babies had consumed

food containing preformed BoNT, but such a food

source could not be identified (Midura and Arnon,

1976; Marx, 1978). In vivo formation of BoNT in

the intestine and absorption of BoNT into the blood

was hypothesized (Midura and Arnon, 1976; Pickett

et al., 1976). Subsequently it was recognized that

infant botulism occurs from the ingestion of spores

of neurotoxigenic clostridia that germinate, multiply

and produce BoNT in the intestinal tract of the baby.

BoNT is then absorbed through the intestine and enters

the general circulation and is carried to peripheral

cholinergic synapses. Thus, infant botulism is a type

of infection rather than a true intoxication as in food-

borne botulism. Infant botulism is not a new disease

and retrospective analyses of idiopathic floppy baby

syndromes indicated that it has occurred for many

years (Arnon et al., 1979).

Infant botulism is now recognized as the most com-

mon cause of botulism in the USA, with about 70 hos-

pitalized cases annually (Arnon, 2004; Sobel, 2005).

Nearly half of the cases have been reported from Cali-

fornia, probably due to the relatively high incidence of

type A C. botulinum spores and the vigorous surveil-

lance program for infant botulism in this state (Arnon,

2004). Infant botulism has been documented world-

wide in all populated continents except Africa (Arnon,

2004). Certain risk factors have been identified includ-

ing feeding of honey, which can be contaminated with

spores (Tanzi and Gabay, 2002). Dust and other envir-

onmental sources are also known to harbor C. botuli-
num spores (Nevas et al., 2005). Infant botulism has

occurred in distinct geographic regions, probably due

to the incidence of spores and other factors such as

genetic disp osition (Long et al., 1985; Ar non, 2004 ).

Nearly all cases of infant botulism are caused by

C. botulinum strains producing BoNT/A and BoNT/B.

In the United States, infant botulism caused by type A

is most common in the Western United States, whilst
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type B has been prevalent in regions of the Eastern

Unite d Stat es (Long et al., 1985; Ar non, 2004 ). The

severity of infant botulism varies according to the

serotype of BoNT, with BoNT/A generally causing

a more severe and long-lasting disease-syndrome than

BoNT/B (Arnon, 2004).

Neurotoxigenic strains of Clostridium butyricum
and Clostridium baratii producing variants of BoNT/E

and BoNT/F, respectively, have also been implicated

in infant botulism in the United States, Italy and

other regions of the world (Hatheway, 1993, 1995;

Franciosa et al., 2003). Neurotoxigenic C. butyricum
and C. baratii have recently been detected in expand-

ing geographical regions and may be associated with

foodborne as well as infant botulism. Atypical neuro-

toxigenic variant strains have mostly been iso-

lated from intestinal botulism (Tabita et al., 1991;

Hatheway, 1995). These findings suggest that the

intestinal tract under certain conditions may be a per-

missive environment for gene exchange and for evo-

lution of new variants of neurotoxigenic clostridia

and it is likely that more neurotoxigenic species

may be discovered from this source in the future.

The ability of C. botulinum to colonize infants is

probably related to perturbations of intestinal flora

during infancy and during weaning, as well as the pre-

sence of inhibitory factors such as bile acids and innate

immunity (Arnon, 2004). The study of C. botulinum
colonization in animal models has supported the

notion that the ability to colonize is dependent on the

number and species of competitor microbes present

in the intestinal tract, particularly the large bowel

(Sugiyama and Mills, 1978; Sugiyama, 1979; Arnon,

2004). Infant botulism usually affects babies 1–6

months of age, but can also manifest only a few hours

after birth and (rarely) as long as 10–12 months of age

(Arnon, 2004; Fox et al., 2005; Keet et al., 2005). The

median age at onset is 10–12 weeks and 95% of the

cases have occurred prior to 6 months of age, although

cases have been observed up to 10 months (Arnon,

2004; Fox et al., 2005). The illness affects both sexes

and all major ethnic and racial groups (Arnon, 2004).

The severity of the clinical syndrome may vary

from relatively mild observed in outpatients who show

minor weakness and failure to thrive to a rapid and

fatal illness resembling sudden infant death syndrome

(SIDS) (Arnon et al., 1981; Byard et al., 1992; Böhnel

et al., 2001; Bartram and Singer, 2004; Böhnel and

Gessler, 2005; Fox et al., 2005; Mitchell and Tseng-

Ong, 2005; Nevas et al., 2005). It has been postulated

that fulminant cases of botulism may be responsible

for a small percentage (5%) of sudden infant death

syndrome cases (Marx, 1978; Arnon et al., 1981;

Bart ram and Singe r, 2004 ; Fisc her et al., 2004; Bö hnel
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and Gessler, 2005). The involvement of infant botu-

lism in SIDS has been a matter of considerable debate.

Recent clinical data indicate that rapid onset infant

botulism can be a catastrophic presentation of the dis-

ease, but with rapid recovery (Keet et al., 2005; Nevas

et al., 2005; Tseng-Ong and Mitchell, 2005). Rapid

onset of infant botulism has also occurred by BoNT/

F produced by C. baratii in extremely young patients

(9 and 14 days old) (H offman et al., 1982; Paisley

et al., 1995). The typical presentation of infant botu-

lism is familiar to most pediatric neurologists, but

atypical symptoms and sudden and severe features

may be obscure or delay the diagnosis (Keet et al.,

2005; Mitchell and Tseng-Ong, 2005). Complications

of infant botulism during hospitalization and treatment

have included sepsis, otitis media, aspiration pneumo-

nia, inappropriate secretion of antidiuretic hormone

and adul t resp iratory distress syndr ome (Long et al.,

1985). Musc le and nerve biopsie s wer e perf ormed on

an infant with botulism, which helped to exclude myo-

pathy or metabolic causes of paralysis (Keet et al.,

2005). Studies in animals have demonstrated atrophy

of muscle fibers in severe botulism cases, which

regenerated during the recovery phase. It has been sug-

gested that chronic neuropathic changes may persist

following botulism (Keet et al., 2005), but further

investigation is needed in this area to confirm this

observation.

11.6.5. Intestinal botulism in adolescents

and adults

Intestinal botulism has also occurred in susceptible

adolescents and adults, especially following intestinal

surgery and antibiotic administration, which can alter

the gut’s microbial ecology and predispose the patient

to colonization and possibly provide wounds for

colonization. Infections by C. botulinum in adults has

been supported by the finding of botulinum toxin and

organisms in the feces over a several month period

(Hatheway, 1995). Intense immunosuppression and

bowel sterilizing regimens in a 3-year-old girl with

neuroblastoma were postulated to enable colonization

by C. botulinum types A and B with ensuing infant

botulism (Shen et al., 1994). An intestinal botulism

case in a 12-year-old girl associated with an unusual

strain of C. botulinum type Ab was reported in Japan

(Kobayashi et al., 2003).

In foodborne cases, a slow onset of botulism symp-

toms and a long delay of toxin detection in serum and

stool may predispose adults to colonization of the

large bowel with C. botulinum spores. Thus, there may

be a transition between different forms of botulism.

In a foodborne case involving chopped garlic in oil
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that contained type BoNT/B and C. botulinum type B,

relatively mild and progressive development of botu-

lism occurred over several weeks in patients con-

taining type B toxin and organisms (St. Louis et al.,

1988). In a foodborne botulism case occurring in

France, type B toxin was found in serum from indivi-

duals for up to 122 days after ingestion of toxic food

(Sebald and Saimot, 1973). These observations suggest

that C. botulinum type B could colonize the intestine

of adults and continue to produce toxin over several

weeks to months. C. botulinum type B may have a

greater ability than type A to colonize the intestinal

tract, which likely explains why more than 50% of

the infant botulism cases in the USA involve type B,

while type A foodborne botulism is three times more

prevalent than type B. The ecology of intestinal botu-

lism is complex and the disease may involve more

than one species of toxigenic clostridia including

C. difficile, C. perfringens, C. botulinum, C. baratii
and C. butyricum that produce various toxins and

change the gut flora. C. difficile colonization was

found in cases of infant botulism (Schechter et al.,

1999), suggesting that certain permissive conditions

may promote intestinal colonization by pathogenic

clostridia.

11.6.6. Botulism of undetermined etiology

Botulism of undetermined etiology refers to diagnosed

cases in patients 1 year of age or older in whom no

plausible food vehicle or intestinal or wound coloniza-

tion can be demonstrated (Bartlett, 1986; Hatheway,

1993; Sobel et al., 2004). C. botulinum and its toxin

have been observed in the stools of these patients for

long time periods (3 weeks and in some cases up to

6 months) (Hatheway, 1993). This form of the disease

has occurred in adults following colonization of

the digestive tract by C. botulinum with production

of BoNT and these infections may follow surgery or

other procedures that disrupt the GI microflora or

inflict intestinal wounds (Chia et al., 1986; Hatheway,

1993). Intestinal botulism and endogenous antibody

production occurred in an adult with underlying

Crohn’s disease (Griffin et al., 1997). Intestinal botu-

lism was also observed in a 3-year-old female with

neuroblastoma following autologous bone marrow

transplantation, possibly indicating immune suppres-

sion leading to susceptibility to botulism (Shen et al.,

1994). Following an incident of foodborne botulism in

a 12-year-old girl, obstinate constipation was endured

for more than 6 months and C. botulinum and BoNT/A

was detected in stool specimens for several months

(Kobayashi et al., 2003). These cases indicate that

BOT
intestinal colonization by C. botulinum can occur

following foodborne botulism.

11.6.7. Inhalational botulism

Owing to their high toxicity, BoNTs have been consid-

ered as biological weapons including as aerosol pre-

parations (Franz et al., 1993; Bigalke and Rummel,

2005; LeClaire and Pitt, 2005; Pitt and LeClaire,

2005). Since respiratory exposure is not a known nat-

ural route of intoxication, virtually no human data on

susceptibility are available (Pitt and LeClaire, 2005).

Exposure of non-human primates has demonstrated

that intoxication can occur by the respiratory route

through mucosal membranes (Pitt and LeClaire,

2005). As with foodborne botulism, crude toxin com-

plexes are more potent than purified BoNTs. The toxi-

city varies with serotype and BoNT/F and BoNT/C

appear to be slightly more toxic than BoNT/A (LeClaire

and Pitt, 2005; Pitt and LeClaire, 2005). Extrapolations

from animal data suggest that BoNT is exceedingly

potent by the aerosol route with an estimate LD50 of

1–75 ng per kg with the potency decreasing in the fol-

lowing order: BoNT/F > BoNT/C ¼ BoNT/A >
BoNT/D >> BoNT/B in rhesus macaques; no data are

available for BoNT/E and BoNT/G (LeClaire and Pitt,

2005; Pitt and LeClaire, 2005). Respiratory failure

occurred in 5 hours to 2 days with 90% lethality. A case

of human botulism was attributed to inhalation of BoNT

in a laboratory accident (Holzer, 1962).

11.6.8. Iatrogenic botulism

Iatrogenic botulism, sometimes referred to as inadver-

tent botulism, refers to botulism resulting from thera-

peutic use of botulinum toxin (Chertow et al., 2006).

Rare cases of systemic weakness and botulism have

been observed in patients treated with BoNT for medic-

inal purposes (Bakheit et al., 1997; Bhatia et al., 1999;

Duffey and Brown, 2006). Quantitation of systemic

weakness was assessed in a 34-year-old amateur

weight-lifter treated for a gait disorder (Duffey and

Brown, 2006). Although the gait disorder was success-

fully treated with 1000 units (11 U/kg) of BoNT/A-com-

plex, the individual experienced 35–50% reduction in

upper body strength, which resolved over a period of

�12 weeks. This case illustrates the possibility that

locally injected BoNT may spread systemically and

cause generalized weakness. Recently, four cases of

iatrogenic botulism were acquired in patients treated for

cosmetic purposes with BoNT that had not been

approved by the FDA (Chertow et al., 2006). The patients

may have been injected with as much as 8 million U of
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BoNT/A-complex, which is 2857 times the estimated

lethal dose for humans. Available evidence indicates

that the toxin was obtained from a wholesale source and

was repackaged and marketed at a bargain price. This

occurrence emphasizes the potency of toxin and extreme

care and scrutiny must be taken in the use of BoNT in

medical practice.

This recent incident of iatrogenic botulism provided

vivid evidence of the course of severe botulism in

humans (Chertow et al., 2006). Initially, four sus-

pected cases of botulism were reported to the Centers

for Disease Control and Prevention on November 4,

2004. The patients had been injected with a highly

concentrated, unlicensed preparation of botulinum

neurotoxin type A for treatment of wrinkles. The vial

used to treat the patients contained �100 mg of

BoNT/A, which is an amount estimated to be suffi-

cient to kill more than 1000 adult humans if dissemi-

nated evenly. A fatal case of botulism was suspected

due to a lidocaine-BoNT-complex mixture (Li et al.,

1999), although the presence of human serum albumin

could have also caused an immunologic reaction.

11.6.9. Animal botulism

Botulism commonly strikes domestic and wild animal

populations, particularly birds and fish, where it can

cause devastating epidemics with deaths of thousands

to millions of animals (Smith and Sugiyama, 1988;

Eklund, 1995; Lindström et al., 2004; Yule et al.,

2006), and is the most prevalent form of botulism

worldwide. BoNTs types C, D and F are involved as

well as A, B and E, as seen in human botulism. Botu-

lism of domestic animals not only causes economic

losses but it is also a risk factor for BoNT transmission

to humans. Food contaminated with BoNT has also

been shown to cause botulism in various domestic or

captive animals such as cattle, horses, lions and mon-

keys (Smith and Sugiyama, 1988). Depending on the

animal species, botulism can be caused by contami-

nated food or water, ingestion of forage poisoned with

BoNT from dead animals or by colonization of the

intestinal tract by C. botulinum. Among fish and birds,

botulism outbreaks can involve millions of cases and

the diseases may take the appearance of an epidemic

because insect larvae grow in the decomposing cada-

vers and accumulate BoNT, which is non-toxic to the

invertebrates. Birds and fish are eager to eat the larvae

and consequently become intoxicated and die, provid-

ing a rich anaerobic medium for the growth of C. botu-
linum and with consequent toxin accumulation in

insect eggs and larvae. A self-perpetuating and escalat-

ing cycle is thus established and many animals can
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die rapidly, particularly among dense populations. In

regions where animal botulism is common, animals

often carry C. botulinum in their digestive tract which

rapidly grows in the cadavers and becomes highly

toxic and rich in spores (Smith and Sugiyama, 1988).

11.7. Clinical presentation

Irrespective of the type of botulism, the primary clini-

cal signs are similar:

� Symmetrical cranial neuropathies;

C. MONTECUCCO
� Difficulty swallowing, dry mouth, difficulty speak-
ng, facial ptosis;
i

� Blurred near vision, blurred distant vision, dilated
r non-reactive pupils, diplopia, drooping eyelids;
o

� Descending bilateral flaccid paralysis, generalized
uscle weakness progressing to neck, limbs and

orso.
t

The characteristic symptoms of botulism can princi-

pally be ascribed to the blockade of neurotransmission

at neuromuscular junctions of skeletal muscle, with

ensuing flaccid paralysis (Dickson, 1918; Koenig,

1971; Tacket and Rogawski, 1989; Cherington, 1998,

2004). The incubation period from exposure to BoNTs

to onset of symptoms ranges from a few hours to as

long as 10 days, but typically present within 12–72

hours in foodborne botulism (Hatheway and Dang,

1994; Cherington, 1998, 2004). The incubation period

in foodborne botulism is inversely correlated with the

quantity of toxin ingested (Gangarosa et al., 1971).

The incubation time for wound and infant botulism is

usually several days due to the time needed for

C. botulinum to colonize the wound or intestine and

produce toxin that is then absorbed into the circulation.

There have been notable exceptions of rapid onset and

rapid reco very (Fox et al., 2005; Kee t et al., 2005 ).

The time to onset for inhalational botulism has been

reported to be 12–80 hours based on limited non-

human primate experiments (LeClaire and Pitt, 2005).

After absorption into the blood, the neurotoxin binds

to motor nerve endings as well as to parasympathetic

nerve endings that release ACh and cause flaccid paraly-

sis and preganglionic and parasympathetic postganglio-

nic autonomic blockade. The first indications are

usually bulbar and ocular weakness and generalized fati-

gue. The ocular symptoms include diplopia, mydriasis

and loss of the light reflex and of accommodation. Occa-

sionally there is also anisocoria. As the intoxication pro-

ceeds, weakness of the levator palpebrae and facial

muscles becomes noticeable; speech becomes slurred

and eventually anarthria ensues. Paralysis of pharyngeal,

laryngeal and masticatory muscles results in dysphagia,
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dysphonia, stridor, nasal regurgitation of liquids and a

sensation of suffocation or actual suffocation. Paralysis

of the facial muscles give the patient a dull appearance

and they become unable to respond to stimuli. Weakness

of the respiratory muscles and particularly of the dia-

phragm can result in respiratory failure and death.

Descending weakness progresses for 4–8 days and then

plateaus. Vomiting and abdominal pain may precede

or follow the paralysis. The non-ocular autonomic

symptoms include decreased salivation and a dry mouth,

anhydrosis, particularly of the palms and the soles, obsti-

pation, urinary retention and cardiovascular instability.

The body temperature is generally normal or slightly sub-

normal. Representative portrayals of mild and severe

botulism are shown in Fig. 11.2.

Despite the involvement of cranial nerves, most

cases do not show cognitive or sensory abnormalities.

The face often has an expression-less or sagging

appearance because of the relaxed tone of the facial

muscles. In severe cases the patient lies helpless,

resembling a generalized paralysis or coma. The ten-

don reflexes are intact or slightly decreased. The

patient may be able to initiate effective muscular

contraction such as opening the eyes or raising the

head or an extremity once or twice but cannot repeat

the act. The inability of the patient to express their

discomfort can cause hysterical attacks and mental

depression. Occasionally patients experience a head-

ache, which can persist. It is unusual for the patient

to suffer any pain. Dryness of the mouth and impaired

BOT
Fig. 11.2. Portrayal of typical symptoms of mild and severe botu

provided by Charles Hatheway (deceased). (B) Photograph of inf
salivary and lacrimal secretions can persist for several

months (Jenzer et al., 1975; Goode and Shearn, 1982;

Dressler and Be necke, 2003; Chertow et al., 2006 ).

The severe muscular weakness, the anxiety and help-

lessness, the difficulty in swallowing, the attacks of

strangling, the struggle for breath and the unsuccessful

attempts to articulate constitute an unforgettable clinical

picture.

The progressive muscle weakening is a striking

hallmark of botulism. Humans with mild cases of

botulism also may exhibit poor coordination of the

arms and legs. The patient becomes gradually weaker,

fatigued and finally death occurs, generally by respira-

tory failure ( Gangaro sa et al., 1971 ; Koenig, 1971;

Tacket and Ragawski , 1989; Sh apiro et al., 1998 ).

The requirement for endotracheal intubation and venti-

latory support is an indicator of the severity of the

disease in patients (Woodruff et al., 1992; Hatheway

and Dang, 1994; Sandrock and Murin, 2001; Anderson

et al., 2002). Woodruff et al. (1992) found that intuba-

tion was necessary for 67% of patients with type A

botulism, 52% with type B and 39% with type E. Of

patients that were intubated, 72% represented isolated

cases, while only 54% were intubated from outbreak-

associated illness. This suggests that certain patients

with mild cases of botulism are often not hospitalized

and may remain undiagnosed.

The severity of symptoms and duration of botu-

lism in cell and animal models depends on the sero-

type of BoNT. In cultured primary neuronal cells
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( Keller et al., 1999 ), animal mode ls (Adler et al., 2001;

Billante et al., 2002; Foran et al., 2003; Keller, 2006)

and in humans with natural botulism or treated for

med icinal purpos es (Sellin et al., 1983a, b ; Sloop

et al., 1997 ; Brin et al., 2002; Eleop ra et al., 2004; Gupt a

et al., 2005) the severity and duration of symptoms

relates to the type of toxin in the following order:

BoNT/A ¼ BoNT/C1>BoNT/B>BoNT/F>BoNT/E

in cultured primary neuronal cells (Keller et al., 1999), in

animal models (Adler et al., 2001; Billante et al., 2002;

Foran et al., 2003; Keller, 2006) (Table 11.1) and in

humans with natural botulism or after being treated for

medicinal purposes (Sellin et al., 1983a, b; Sloop et al.,

1997; Brin et al., 2002; Eleopra et al., 2004; Gupta

et al., 2005).

Although the different forms of botulism show

similar clinical signs and symptoms, there are certain

distinctions. Early in foodborne botulism, patients

may have gastrointestinal symptoms such as nausea,

vomiting, abdominal cramps and diarrhea (Hughes

et al., 1981). These symptoms are probably not due

to BoNT but from food contaminants. Infant botulism

differs from other forms of botulism in the ages of the

affected individuals and the infection process by neu-

rotoxigenic clostridia within the large bowel. The

incubation period is often several days to weeks,

reflecting the ability of C. botulinum to colonize, grow

and produce toxin within the large intestine. In some

infants an acute onset over several hours is followed by

rapid recovery (Keet et al., 2005). The disease usually

begins with severe constipation lasting 3 days or longer

that precedes the appearance of other neurologic signs
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Table 11.1

Potencies and durations of different serotypes of

botulinum neurotoxins (BoNTs) acting on cerebellar

granule neurons from rats

BoNTa blockade

of transmitter

release

BoNT concentration

causing 50% of

inhibition [pico

Molar (pM)]

Duration (t1/2)

(days � SD)

BoNT/A 10 >>31

BoNT/B 100 9.84 � 2.12

BoNT/C1 13 >>25

BoNT/E 43 0.73 � 0.11

BoNT/F 1350 1.76 � 0.28

TeNT 6.5 Not studied

aBoNTs were purified as 150 kDa BoNTs and were completely acti-

vated.

After Foran et al. (2003).
by one or more days (Arnon, 2004). Following con-

stipation, the infant develops cranial nerve palsies

resulting in oculomotor weakness, eyelid ptosis, a

weak suck and hypotonia. In the more severe cases,

the infant becomes lethargic and loses head control.

The disease progresses to a generalized flaccid

paralysis which may involve the respiratory muscles

and culminate in apnea. Type A toxin is associated

with greater morbidity and a slower recovery than

type B or E toxin (Arnon, 2004).

11.8. Diagnosis of botulism

The diagnosis of botulism relies on the clinical find-

ings which include prominent oculobulbar signs and

laboratory detection of BoNT from appropriate speci-

mens (Table 11.2) (Hughes et al., 1981; Cherington,

1998, 2004; Shapiro et al., 199 8; Arno n, 2004). The

initial diagnosis of botulism is based on the character-

istic clinical presentation as described in the previous

section (CDC, 1998; Cherington, 1998, 2004).

The definitive laboratory diagnosis of botulism

requires detection of BoNT in plasma, serum and gas-

trointestinal contents (stool and vomitus) and food or

other sources by the mouse bioassay as described

above. Isolation of C. botulinum from foods and clini-

cal specimens including vomitus and feces is also sup-

portive in the diagnosis of botulism (Hatheway, 1988;

CDC, 1998). Since botulism is a rare disease, toxin

and organism diagnostic tests should be performed in

a suitable reference laboratory that has the necessary

experience and reference toxins, antitoxins and stan-

dard cultures for the procedures, such as the Commu-

nicable Disease Center National Botulism Laboratory

(404-639-2206; 404-639-2888) or qualified local and

state public health laboratories (http://www.cdc.gov/

other.htm#states or http://www.astho.org/state.html).

Regrettably, for many botulism cases, laboratory

studies are of no aid in establishing a diagnosis since

the sensitivity of detection of BoNT decreases rapidly
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Table 11.2

Diagnosis of botulism

Clinical

diagnosis

Recognition of clinical symptoms and

signs

Neurological examination, including

electromyography

Laboratory

confirmation

Demonstration of botulinal neurotoxin in

serum, stool, gastric aspirate, or food.

Culturing C. botulinum from stool,

wound, or food

http://www.cdc.gov/other.htm#states
http://www.cdc.gov/other.htm#states
http://www.astho.org/state.html
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with time (Koenig, 1971; Woodruff et al., 1992). Due

to delays in specimen collection and analysis or to the

presence of mouse lethal substances in samples other

than BoNT, laboratory detection of BoNT is often

not conclusive (a positive test is present in �30% of

samples obtained more than 2 days after toxin expo-

sure) (Cherington, 1998). A detailed survey of 494

cases of foodborne botulism in the United States from

1975–1988 illustrates the complexities of a definitive

diagnosis of botulism (Woodruff et al., 1992). In this

study, BoNT/A caused botulism illness in 148 patients

(48%), type B in 89 (29%) and type E in 72 (23%).

Among the type B outbreaks, 55 cases occurred from

a single restaurant outbreak and affected patients

mostly under 40 years of age (Terranova et al., 1978),

whereas the largest outbreaks for type A and E affected

27 and seven persons, respectively. The median onset

period for all patients was 1 day (ranges: type A, 0–7

days; type B, 0–5 days; type E, 0–2 days). Overall, type

E patients had the shortest incubation period and type B

patients the longest. Type A patients were more likely to

require intubation. Of the 105 patients with an onset

time of less than 1 day, 59% required intubation and arti-

ficial respiration compared to 44% of the 54 patients

with longer incubaton periods. Overall, the greater

severity of botulism of the reported sporadic cases sug-

gests that sporadic cases are frequently misdiagnosed

or not reported to health authorities (Woodruff et al.,

1992).

Of patients for which adequate clinical specimens

were submitted to the CDC, 67% were confirmed as

having botulism by toxin assay or culture. Specimens

from patients with type A botulism were more fre-

quently positive for toxin in serum and stool than were

those patients with types B and E botulism (Woodruff

et al., 1992). BoNT testing results were positive in 126

(37%) of 349 sera and 65 (23%) of 288 stool samples;

27 stool samples gave non-specific deaths in the

mouse bioassay (these samples were not neutralized

by antitoxin). Serum toxin assays were more likely to

be positive if sera were collected soon after toxin

ingestion; BoNT was detected in >60% of serum

samples obtained during the first 2 days but in only

13–28% of specimens obtained thereafter. Similarly,

BoNT was detected in 50% of stool samples obtained

within 1 day, but in <20% after 5 days. These results

support the notion that different types of botulinal tox-

ins produce distinct clinical manifestations and are

diagnosed in the laboratory with different degrees of

success. Type A botulism is more severe, as indicated

by the increased need for intubation. However, type E

botulism patients had the shortest incubation period.

These observations are consistent with other studies
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using indicators of severity other than respiratory sup-

port (USPHS, 1979; Hughes et al., 1981; CDC, 1998).

The clinical and pharmacokinetic mechanisms gov-

erning these differences are not clear. It is not known

if there are race differences in toxin absorption, activa-

tion and stability or action. However, short incubation

times are common in type E cases and were mostly

observed in Alaskan Natives. An investigation of a

type B outbreak recorded more severe illness among

patients of Chinese descent (St. Louis et al., 1988).

After intraperitoneal injection of mice, the onset of

symptoms was most rapid with type E toxin and slow-

est with type B toxin (Sugiyama, 1980; Woodruff

et al., 1992). In rats, larger doses of types B and E than

type A toxin are required to induce paralysis (Sellin

et al., 1983a, b). The administration of antitoxin as

well as the pharmacokinetics of absorption, distribu-

tion through the lymphatic system and rate and affinity

of binding to and internalization within target nerves

(Habermann and Dreyer, 1986) likely affect the

chance of detecting BoNT in serum samples. The toxin

titers in clinical specimens are often too little to defini-

tively confirm the presence of BoNT with serotype

specific antisera. Detection of neurotoxigenic organ-

isms also supports the diagnosis, but a positive culture

alone does not confirm it since spores are ubiquitously

distributed and can be occasionally isolated from the

stools of healthy humans and from foods and other

environmental sources (Hatheway, 1988; CDC, 1998;

Shapiro et al., 1998).

Electrodiagnostic testing can provide presumptive

evidence of botulism and is particularly useful in those

patients with clinical signs of botulism but with nega-

tive mouse bioassay results (Hatheway and Dang,

1994; Cherington, 1998, 2004; Dumitru et al., 2002;

Crawford, 2003). EMG abnormalities are observed as

the disease progresses but may not be present at onset

of symptoms. The amplitude of the compound muscle

action potential (CMAP) gradually decreases in the

clinically affected muscles, but motor and sensory

nerve conduction are usually normal. The most com-

mon electrophysiological abnormality in an affected

muscle is a low amplitude CMAP in response to a sin-

gle supra-maximal nerve stimulus (Maselli et al.,

1997 ; Dum itru et al., 2002; Cr awford, 2003; Che ring-

ton, 2004). Electrodiagnostic findings typical of botu-

lism include normal motor nerve velocity, normal

sensory nerve amplitudes, velocities and latencies

and a pattern of brief, small amplitude and polyphasic

motor unit potentials, and generally an incremental

response (facilitation) to repetitive stimulation at high

frequencies, with a decremental response at lower

frequencies. Single-fiber EMG studies often show
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Table 11.3

Differential diagnosis of botulism from other disorders

(Caya et al., 2004; Meriggioli et al., 2004; CDC, 2006)

Adults and children Infants

Meningitis Sepsis, meningitis

Guillain–Barré syndrome

(GB)

Guillain–Barré syndrome

(GB)

Myasthenia gravis Myasthenia gravis

Lambert–Eaton syndrome Acute infantile neuropathy

Cerebrovascular accidents Meningitis/encephalitis

Acute intermediate porphyria Metabolic disorders, e.g.,

electrolyte imbalance

Carcinomatosis of cranial

nerves

Reye’s syndrome

Neoplasm of CNS Neoplasm
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increased jitter in posterior cervical and extremity

muscles, which diminish on blocking (Cherington,

1988, 2004 ; Dumitr u et al., 2002). Guidelin es for elec-

trodiagnostic testing for botulism have been outlined

(Cherington, 1990, 1998, 2004; Maselli et al., 1997;

Crawford, 2003). Acute care pediatric electromyogra-

phy can be useful in diagnosing infant botulism among

floppy baby syndromes (Gutierrez et al., 1994; Jones

and Darras, 2000; Crawford, 2003; Cherington, 2004;

Swoboda and Jones, 2006), although pitfalls may

occur, particularly in early evaluation (Sheth et al.,

1999). Unlike certain other NMJ diseases such as

myasthenia gravis and Lambert–Eaton syndrome, botu-

lism is an acute intoxication caused solely by exposure

to BoNT; therefore genetic tests or a search for anti-

acetylcholine receptor or anti-MuSK antibodies are

futile.
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Tick paralysis Congenital myopathy

Diphtheritic neuropathy Enteric virus

Polymyelitis Poliomyelitis

Miller–Fisher variant of GB Werdnig–Hoffman disease

Food poisoning (e.g.,

saxitoxin)

Leigh disease

Chemical neurotoxin

exposure

Chemical neurotoxin

exposure

Mushroom poisoning Food poisoning

Neuronal viral infection Neuronal viral infection
11.8.1. Differential diagnosis

The definitive diagnosis of botulism requires differen-

tiation from other neuromuscular disorders including

sepsis, meningitis, myasthenia gravis, Guillain–Barré

syndrome, Miller–Fisher syndrome, Lambert-Eaton

syndrome, stroke, tick paralysis, snake venom poison-

ing, diphtheritic neuropathy, nerve agent poisoning,

Streptococcus pharyngitis, diabetic complications, in-

flammatory myopathy and CNS infections or tumors,

particularly of the brainstem (Table 11.3) (Cherington,

1998, 2004 ; Dimitru et al., 2002; Arno n, 2004; Caya

et al., 2004). Acute flaccid paralysis from polioviruses

and other enteroviruses have been misdiagnosed as

infant botulism (Kelly et al., 2006). A summary of ill-

nesses requiring differential diagnosis from botulism is

presented in Table 11.3. In a recent study, clinical

mimics of infant botulismwere classified into five broad

categories: muscular atrophy, metabolic disorders, other

infectious diseases, miscellaneous and probable infant

botulism lacking laboratory confirmation (Francisco

and Arnon, 2007).
11.9. Treatment of botulism

The mainstay of treatment is intensive nursing care,

with careful attention to respiratory failure, need for

enteric feeding and cardiac arrest (Woodruff et al.,

1992; Arnon, 2004; Cherington, 2004; CDC, 2006).

Passive immunization has long been known to lessen

the symptoms of botulism and length of clinical course

and reduce the incidence of fatalities (Dack and Wood,

1928; Hatheway et al., 1984; Tacket et al., 1984;

Maye rs et al., 2001 ; Chang et al., 2003; Arnon et al.,
2006). When administered within hours following

intoxication, antitoxin can markedly reduce morbidity

and mortality. Until recently antitoxin treatment has

relied on equine-derived products with associated

side-effects in about 9% of patients (Black and Gunn,

1980). Equine antitoxin has a half-life in serum of

about 5–7 days (Hatheway et al., 1984), whilst human-

derived antitoxins may have a longer half-life (Arnon

et al., 2006). Recently, human-derived botulism

immune globulin (BabyBigW) was shown to reduce

the severity and duration of the symptoms, length of

hospital stay and associated hospital costs (Arnon

et al., 2006). BabyBigW was derived from human

donors who had been immunized with botulinum toxoid

and the antibody fraction was isolated and formulated

for parenteral administration (Arnon et al., 2006). Its

supply is currently limited and use is restricted to

infants, but efforts are under way to produce additional

quantities of antibodies from immunized human donors

or to develop antibody producing cell lines with human-

compatible antibodies to avoid side-effects caused by

the equine antitoxin. New technologies are in progress to

develop humanized antibodies of low immunogenicity

and side-effects compared to rodent-derived antibodies

(Dessain et al., 2004; Lonberg, 2005).
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The severity of botulism has been increased with con-

comitant treatmentwith certain antimicrobial agents, par-

ticularly aminoglycosides and macrolides. These should

be avoided in myasthenic illnesses including botulism

since they can potentiate muscle paralysis (Pittinger and

Adamson, 1972; L’Hommedieu et al., 1979; Santos

et al., 1981; Wang et al., 1984; Howard, 1990; Barclay

and Begg, 1994). Consequently, botulinum toxin treat-

ment for pharmaceutical purposes is contraindicated in

patients with myasthenia gravis, Lambert–Eaton syn-

drome and possibly other myasthenic disorders. Injection

of BoNT-complex in patients has unmasked underlying

myasthenic and other neurological disorders (Erbguth

et al., 1993; Mezaki et al., 1996; Tuite and Lang, 1996;

Tarsy et al., 2000; Thobois et al., 2001; Gioltzoglou

et al., 2005; Iwase and Iwase, 2006). Adverse heart rate

variability was also detected in a set of patients treated

with BoNT/A-complex or BoNT/B-complex (Meichsner

and Reichel, 2005). Other cardiovascular and rheumato-

logic drugs known to adversely affect patients with MG

and LES should also be avoided in patients with botulism

or in healthy individuals treated with BoNT for cosmetic

or therapeutic purposes (Howard, 1990).

11.10. Recovery from botulism and clinical
predictors of mortality

Recovery from botulism is slow and tedious. A retro-

spective review of cases in the USA found a mean of

58 days of mechanical ventilation for type A and 26

days for type B (Colice, 1987). Recovery of speech

and the ability to swallow recurs relatively early. Mus-

cular weakness, vertigo and constipation diminish more

slowly and may persist for several months. The oculo-

bulbar disturbances are usually the last symptoms to

clear. Some patients continue to experience weakness,

fatigue and symptoms of impaired autonomic nervous

system dysfunction such as dry mouth, constipation

and impotence even after 1–2 years following onset

of botulism (Goode and Shearn, 1982; Colebatch

et al., 1989; Cherington, 1990; Dressler and Benecke,

2003). Communication during recovery is impaired,

including inability to speak or write due to ventilatory

support and extreme weakness. Agitation, depression

and anxiety are common among patients with severe

botulism (Cohen and Anderson, 1986).

Clinical predictors of morbidity and mortality from

botulism have been evaluated (Mann et al., 1981;

Woodruff et al., 1992; Hatheway and Dang, 1994;

Nishiura, 2007). The incubation period is related to

case fatality and index and early onset cases show

the greatest incidence of death (Nishiura, 2007). Early

administration of antitoxin reduces morbidity and

deaths and is a predictor of the need for mechanical
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respiration (Tacket et al., 1984; Sandrock and Murin,

2001). Patients with shortness of breath and impaired

gag reflex were 23 times more likely to succumb than

patients without these signs (Varma et al., 2004).

Death from botulism has generally been attributed

to ventilatory weakness and respiratory arrest (Hughes

et al., 1981; Wilcox et al., 1990; Woodruff et al.,

1992). In severe cases of botulism, ventilator muscles

may require up to a year to regain full strength

(Wilcox et al., 1990). However, deaths also occur by

causes not directly involved in airway sufficiency.

In a study of causes of death among 19 patients with

type A botulism, seven were attributed to respiratory

arrest or associated ventilator malfunction and aspira-

tion pneumonia, while surprisingly six were attributed

to cardiac arrest (Tacket et al., 1984). It appears that

reduction of fatalities related to botulism would bene-

fit from more detailed scrutiny of the causes involved.

In common with foodborne botulism, infant botu-

lism caused by BoNT/A is often the most severe in

symptoms and time required for patient recovery.

In California, a study showed that the mean hospital

stay for patients with type A infant botulism was 5.6

weeks, whereas the mean hospital stay for babies with

type B infant botulism was 3.7 weeks (Arnon, 2004).

Fortunately death in hospitalized cases has been rare

and babies recover completely with no permanent

weakness or neurologic abnormalities. When death or

chronic morbidity has occurred, it has usually resulted

from infections or other secondary complications.

Cases of severe botulism with neuropathic features

have been reported (Chang and Robinson, 2000;Mackle

et al., 2001). Disease sequelae including infectious dis-

eases such as pneumonia have been reported. Stimula-

tion of murine B cells to secrete immunoglobulins by

“lipoteichoic acid-like” molecules from C. botulinum
has been suspected (Campos-Neto et al., 1995), but this

needs confirmation. Muscle and nerve biopsies have

rarely been performed on patients with botulism,

though such analyses can help to exclude myopathy or

metabolic causes of paralysis (Keet et al., 2005). Studies

in animals have demonstrated atrophy of muscle fibers

in severe botulism cases, which regenerated during the

recovery phase. It has been suggested that chronic

neuropathic changes may persist following botulism

(Keet et al., 2005).

11.11. Pathophysiology of botulism and cellular
mechanisms of botulinum neurotoxins

Animal models and tissue preparations have tradition-

ally been employed to study the pathophysiology of

botulism (Drachman, 1971; Habermann and Dreyer,

1986 ; Simpson, 2000). The specificity and act ion of
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BoNTs for different tissues and cell types depends on

the receptor systems, the trafficking mechanisms and

the isoforms of SNARE proteins present in the cells

(Schiavo et al., 2000). In this section of the chapter,

molecular and tissue effects are described with an

emphasis on new developments. It follows the series

of actions in the sequence that is believed to occur in

botulism poisoning.

11.11.1. Adsorption of botulinum toxin

into the lymphatic system

Poisoning caused by botulism involves entry of BoNT

into the general circulation either through absorption

from the gastrointestinal system, in wound infections

or by inhalation. An intriguing aspect of BoNTs is

their high oral toxicity as occurs in traditional food-

borne botulism (Bonventre, 1979; Sakaguchi, 1983).

The estimated lethal dose for humans of BoNT/A by

oral ingestion is 0.1–1 mg per kg body weight (Schantz

and Johnson, 1992; Hatheway and Dang, 1994), while

the systemic toxicity by intramuscular injections in

monkeys has been estimated at 39 U/kg (�400 pg)

(Scott and Suzuki, 1988). These data suggest about

one-thousandth of the toxin ingested is effectively

absorbed into systemic circulation, while other esti-

mates have suggested that the ratio of oral to parenteral

toxicity in various species of animals is 104:106 (Smith,

1977). Oral toxicity varies considerably depending on

the serotype and the animal species. It has been esti-

mated that �1011–1012 (�1–2 mg) molecules of

BoNT/A that enter the systemic circulation is sufficient

to produce neurologic symptoms and death (Lamanna,

1959; Bonventre, 1974). Boroff et al. (1984) estimated

that �10 molecules of BoNT are necessary to cause

intoxication of a NMJ in the frog, but this is certainly

an estimate as the quantitative dose would depend on

the size and safety margin of the particular NMJs

and motor endplate.

Although oral poisoning is the major cause of

human botulism (Shapiro et al., 1998), surprisingly lit-

tle is known regarding the mechanisms of BoNT pas-

sage through and absorption from the GI tract and its

entry into the lymph and blood of general circulation

( Bonvent re, 1979 ; Sim pson, 2000). It has been dem on-

strated that the toxin complexes (progenitor toxins) are

more stable during oral passage than is the purified

neurotoxin (Ohishi et al., 1977; Sugiyama, 1980; Saka-

guchi , 1983 ; Fujinaga , 2006). The non-toxi c prot eins of

the toxin complexes including hemagglutinins (HA) and

non-toxic, non-hemagglutinin protect the toxin from

digestive enzymes and low pH. During passage,

activation of single chain BoNT precursor proteins from

non-proteolytic types such as BoNT/E probably occurs
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by limited proteolysis in the stomach or in the brush bor-

der of the enterocytes (Bonventre, 1979). Such activa-

tion of types B, D, E, F and G increases toxicity by

10 –100-fold (Sugiyama, 1980; DasGupta, 1989).

BoNTs are also inactivated with loss of toxicity by

exposure to high concentrations and/or extended times

to trypsin and certain other proteases and thus controlled

conditions and the use of soybean trypsin inhibitor are

needed for careful cleavage to the dichain form in vitro

(Sugiyama, 1980; DasGupta, 1989).

How such a large protein (150 kDa) penetrates the

intestinal barrier is an interesting question that has

not been resolved (Simpson, 2000; Fujinaga, 2006).

The quantity of BoNT needed to induce neurologic

symptoms is extremely low (fM levels) and it is possi-

ble that a sufficient quantity crosses the polarized

epithelial monolayer from the apical side to the baso-

lateral side (transcytosis) via non-specific mechanisms

similar to absorption of certain other proteins. BoNTs

are mainly absorbed in the upper small intestine and

lesser amounts from the ileum and stomach in various

animal models (Dack, 1926; Heckly et al., 1960;

Maksymowych et al., 1999; Simpson, 2000). It has

been shown that intestinal crypt cells may be a prefer-

ential site of transcytosis (Coueson et al., 2008). Small

quantities of BoNT may also enter the circulation from

other locations within the gastrointestinal tract such as

mucosal surfaces of the mouth, esophagus and through

intestinal lesions (Lamanna et al., 1967). In inhalational

botulism, BoNT is absorbed from the upper respiratory

tract by poorly understood mechanisms. C. botulinum
colonizes the large bowel in infant and adult intestinal

botulism, but it is unclear if the ileum is the major site

of absorption. In a mouse model, as few as 10 botulinum

spores were able to colonize the ileum and toxin was

detected in the feces, but the mice remained asympto-

matic, suggesting that BoNT is poorly absorbed from

the ileum (Sugiyama, 1979).

Bonventre (1979) presented evidence that BoNT is

absorbed by an endocytic process in which the toxin

reaches the microvillus membrane and is engulfed in

pinocytic vesicles. Some vesicles fuse with lysosomes

and the protein is subsequently degraded, while other

vesicles will reach the surface of lateral cells and reach

the interstitial regions. This pinocytic process is analo-

gous to themechanism bywhich neonates absorb immu-

noglobulins from colostrum and is less prevalent in

children and adults than in infants. Bonventre (1979)

further proposed that there may be specific receptors

for BoNTs in the lumen of the gut and this hypothesis

has been supported in more recent studies from various

investigators (Maksymowych and Simpson, 2004;

Ahsan et al., 2005). Indeed, it has been documented that

polysialogangliosides and the protein SV2 are involved

C. MONTECUCCO
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in the apical uptake of BoNT/A (Coueson et al., 2008)

and that the transcytosis of BoNTs via specific receptors

is energy-dependent (Ahsan et al., 2005). The traversal

process was visualized in the human gut epithelial cell

line (T-84) by labeling BoNT/A with Alexa dye 488

(Ahsan et al., 2005).

Very little is known of the mechanisms involved in

the absorption of BoNT into the vasculature from

mucosal membranes, from wounds and following

intramuscular injection. BoNT likely enters directly

into the bloodstream by diffusion from wounds and

on intramuscular injection, but the actual mechanism

is unclear. Circulating BoNT has been detected in less

than 50% of human wound botulism cases (Merson

and Dowell, 1973; Hikes and Manoli, 1981), suggest-

ing that the infection is relatively short or that

sufficient quantities of BoNT to elicit an immune

response are not produced.

11.11.2. Systemic distribution of BoNT

BoNT enters the lymphatic system from the intestine,

wounds, mucous membranes or from intramuscular

locations and travels via blood to neuronal targets. The

different specificity of the serotypes for different cell

types mainly depends on the receptor systems (Schiavo

et al., 2000; Simpson, 2000). Since BoNT dissociates

from the complex proteins at pH�7.2 (Sakaguchi

et al., 1984), it would occur free in the bloodstream fol-

lowing absorption. The pharmacokinetics of BoNTs in

the bloodstream have been poorly studied, particularly

in humans. Information is lacking on the mechanisms

for transport, metabolism and elimination. In our lab-

oratory, on injections of high concentrations of BoNT

106 and 105 LD50s into the tail vein of mice, symptoms

of botulism are noticeable in �30 and �60 minutes,

respectively (Malizio et al., 2000). Thus, compared

to certain other toxins, especially small molecular

weight organic chemical toxins such as saxitoxin and

tetrodotoxin (where mice die in minutes following

injection) (Schantz and Johnson, 1992), the onset

requires several hours, probably due to the large size

of BoNT and themultiple steps involved in intoxication.

Few studies have addressed pharmacokinetic prop-

erties of BoNTs including mechanisms of metabolism,

elimination and detoxification. Such studies have been

hindered by the extraordinary potency of BoNTs,

which are physiologically active and potentially lethal

at femtomolar concentrations, which imposes limita-

tions in detection in in vivo and PK evaluations.

Borodic et al. (1994) investigated regional toxin spread

in a rabbit-back model showing that diffusion gradients

are formed at 5–10 U (1 U¼ 1 mouse LD50), but
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the gradient collapsed at 1 U (Borodic et al., 1994).

The diffusion and tissue distribution of BoNT/A and

the 900 kDa BoNT/A-complex labeled with 125I were

investigated following injection into the gastrocnemius

muscle of rats and the eyelids of rabbits (Tang-Liu

et al., 2003). No generalized symptoms or systemic

effects were observed. In rats, most of the toxin, whether

complex or neurotoxin, remained in the regions of the

injection site. Radioactivity detected in distant tissues

including thyroid, skin and contralateral muscle

appeared to be attributed to low molecular weight

peptides or free 125I-iodide, suggesting that breakdown

of the toxin occurred. Very low concentrations of
125I-iodide were detected even in the brain. Following

injection into rabbit eyelids, very low levels of
125I-BoNT/A-complex or free 125I-BoNT/A were

detected in distant tissues, including the eye (Tang-Liu

et al., 2003). These results suggested that BoNT/A and

BoNT/A-complex, when administered at physiological

levels, do not diffuse significantly from the injection

site, reducing the potential for systemic effects. Illicit

injection of high amounts of BoNT/A-complex into

the forehead in cosmetic procedures led to systemic

botulism in humans, but these levels are much higher

than occurs in natural botulism or in proper medical

treatments (Chertow et al., 2006).

An assessment of the systemic pharmacokinetics of

BoNT was recently studied in mice, rats and rabbits

(Ravichandran et al., 2006). Native BoNT and toxin

modified by diethyl pyrocarbonate to inactivate histi-

dine residues in the active site (Rossetto et al., 1992)

and by iodination were used. Ex vivo experiments

involving incubation of BoNT in blood indicated that

the toxin was not proteolytically modified or did not

undergo major structural changes. BoNT recovered

from rat blood was not diminished in its metalloprotease

activity and retained its ability to block exocytosis in

the phrenic nerve-hemidiaphragm preparations (Ravi-

chandran et al., 2006). These experiments supported

the conclusion that BoNT retained full functional

activity and biologic structure during incubation in

rat blood. In order to reach nerve terminals, BoNT

must exit from the bloodstream, which probably

depends on the toxin being free and not bound to

albumin or other blood proteins. It was estimated that

�70% was free and available for traversal from the

blood. The half-life of 125I-BoNT administered intra-

venously in the tail vein of mice was extrapolated to

be �239 minutes in blood and 231 minutes in serum,

and that elimination half-life was ca. 4 hours. In rats,

the half-lives in blood and serum of rats was 260 and

255 minutes, respectively. As expected, incubation of

BoNT with neutralizing antibodies prior to injection
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prevented botulinum intoxication for more than 4 days.

In antibody chase experiments of 10 or 20 minutes post-

challenge decreased the survival time to ca. 22 and

4 hours, respectively, compared to the time to death of

100 minutes in mice challenged without an antibody

chase. The tissue disposition of the antiserum-toxin

accumulated in the liver was 30–40% and 5–7% in the

spleen. These results supported the notion that toxin-

specific antibodies strongly promote clearance of toxin

from the circulation. This ability would be expected to

depend on the affinity and number of antibodies and

may be slower with monoclonals against BoNT. BoNT

alone was also found in the liver (ca. 7%), spleen (ca.

1%) and kidney (ca. 2%), whereas negligible toxin was

detected in the heart or brain. Blood is an important

conduit for delivery of the toxin to its sites of action

including cholinergic nerve endings. This study also

confirmed that the time window of neutralization by

antisera administration is small.
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11.12. Cellular mechanisms of action
of BoNTs at nerve terminals

11.12.1. Background

The cellular mechanisms of BoNTs of activity

remained enigmatic for several decades, began to be

revealed in the 1950s and 1960s and were gradually

elucidated by new techniques and concepts, particu-

larly advanced techniques for imaging tissue, electro-

physiological methods, the theory of quantal release

of acetylcholine at the synaptic membrane and even-

tually genetic analyses and structural analyses of the

BoNTs ( Heuser , 1976 ; Katz, 1966; Thesleff , 1976;

Niemann, 1991; Schiavo et al., 2000). The morpho-

logy and structural basis of synaptic vesicle discharge

and reformation was illuminated by electron micro-

scopy and freeze fracture, particularly at the frog neu-

romuscular junction (Heuser, 1976). These studies

provided a “panoramic view” of the morphology of

the nerve terminal and were important in defining the

active zone. The classic study of Burgen et al. (1949)

demonstrated that partially purified BoNT/A-complex

produced an irreversible paralysis of the isolated rat

phrenic-nerve diaphragm after a latent period. They

also showed that much higher concentrations (500

times) of BoNT/B-complex were necessary compared

to BoNT/A-complex to paralyze the phrenic nerve-

diaphragm of the rat, but that guinea pigs and isolated

guinea pig phrenic nerve preparations were both

highly sensitive to both type A and B toxins. Impor-

tantly, they showed that conduction in the nerve

was unaffected by BoNT, that the motor endplates
remained sensitive to applied acetylcholine, that the

output of acetylcholine on motor nerve stimulation

was greatly reduced and that the toxin does not affect

the enzymes acetylating choline or cholinesterase.

This seminal study showed that BoNT bound irreversi-

bly to nerve fibers and prevented release of acetyl-

choline, resulting in the neuromuscular block (Burgen

et al., 1949). Brooks (1953, 1954) subsequently con-

firmed that conduction in nerve trunks or in muscle

fibers was not affected by the toxin even on direct stimu-

lation and that the toxin produced neuromuscular

paralysis by interfering with “conduction” proximal to

the site of ACh release. The results of these studies

implied that botulinum toxin interferes directly with

the release of ACh from nerve endings.

The cellular mechanisms of BoNT toxicity and

blockade of neurotransmitter release follows a complex

multistep process (Montecucco et al., 1994): (a) recep-

tor binding; (b) receptor mediated endocytosis inside

synaptic vesicles; (c) translocation of the L chain from

the acidic vesicle lumen into the cytoplasm; and (d) cat-

alytic activity of the BoNT LCs on SNARE substrates

(Fig. 11.3). Several excellent reviews have described

these steps, particularly the intracellular activity of the

toxins on SNARE substrates (Schiavo et al., 2000; Jahn

and Scheller, 2006); therefore the sections described

below will focus mainly on new developments.

11.12.2. Receptors for BoNTs in neuronal cells

Several protein toxins are known to have specific pro-

tein cellular receptors, with cholera and diphtheria

being classic examples (van Heyningen, 1974; Chang

et al., 1975). In addition, polysialogangliosides often

participate as membrane receptors for toxins (van

Heyningen, 1974). The mode of BoNT binding to

nerve terminals is still poorly understood (Montecucco

et al., 2004), particularly in comparison to other steps

such as intracellular cleavage of SNARE substrates

(Jahn and Scheller, 2006). The binding of BoNTs A

and B to murine motoneurons was initially studied quan-

titatively by Black and Dolly (1986). Using iodinated

BoNTs, they demonstrated that the toxins bound specifi-

cally to unmyelinated regions of the nerve terminals

of mouse hemidiaphragms. Binding only occurred at

the presynaptic membrane and was not detected on

other cell types including muscle, blood vessels, connec-

tive tissue, Schwann cells or noradrenergic terminals.

Binding was found to be temperature-dependent and

was considerably reduced at 4�C compared to 22�C.
Transfer of radioactivity across the nerve plasma

membrane was detected within 20 minutes and the

extent of internalization reached a maximum after
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Fig. 11.3. Portrayal of the molecular mechanism of BoNTs at nerve terminals acting on the SNARE apparatus. See text for

details.
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90 minutes. Lowering the temperature and inhibitors of

ATP production such as DNP abolished transfer. It was

shown that the larger 97 kDa subunit inhibited binding,

indicating that the receptor region was located on the

HC. TeNT competed for binding but internalization was

not affected in the presence of TeNT; 150–500 binding

sites per mm2 of membrane were estimated. These semi-

nal findings showed that BoNT bound specifically in a

saturable manner to presynaptic membranes at specia-

lized target sites and that at least two distinguishable

and sequential steps of binding and internalization are

involved in BoNT intoxication.

A double receptor concept for BoNTs has been pre-

sented to explain specificity and avidity to the nerve

terminals (Montecucco, 1986). Primary receptors are

polysialogangliosides, generally of the GD1b and GT1b

series, and certain proteins at the nerve terminus (Dong

et al., 2003, 2006; Montecucco et al., 2004; Rummel
et al., 2004a, b). Phospholipids, and possibly lipid rafts,

have been considered as primary molecules involved in

binding for certain serotypes, particularly for BoNT/D

(Tsukamoto et al., 2005; Geny and Popoff, 2006). Much

progress has beenmade in recent years in identifying pro-

tein receptors for BoNTs. Recently, using gain-of-func-

tion and loss-of-function as well as other genetic,

molecular and morphological approaches has led to

strong evidence implicating protein receptors for BoNT/

A (Rummel et al., 2004a, 2007;  Dong et al., 2006;

Mahrhold et al., 2006), BoNT/B (Nishiki et al., 1994,

1996; Dong et al., 2003; Jin et al., 2006; Baldwin and

Barbieri, 2007; Rummel et al., 2007), /C, /D and /G

(Rummel et al., 2004a, 2007; Dong et al., 2007) entry into

neuronal cell lines. Molecular structures have recently

been achieved showing the interaction of BoNT/B with

polysialogangliosides and synaptotagmin II (Chai et al.,

2006; Jin et al., 2006).
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Synaptic vesicle (SV) proteins participate with their

luminal domains to the neurospecific binding of

BoNT/A, /B and /G and this is probably true for the

other BoNTs (Verderio et al., 2006). BoNT/B and

BoNT/G interact with the luminal domain of the SV

proteins synaptotagmin I (Syt-I) and Syt-II. BoNT/B has

a higher affinity for Syt-II (Nishiki et al., 1996; Do ng

et al., 2003), whereas BoNT/G interacts preferentially

with Syt-I (Rummel et al., 2004a; Dong et al., 2007).

The crystal structures of BoNT/B in complex with the

luminal domain of Syt-II (Chai et al., 2006; Jin et al.,

2006) shows that HCC accommodates the a-helical
segment 45–59 of Syt-II in a cleft adjacent to the

polysialoganglioside-binding site of the toxin. Muta-

tions in the synaptotagmin-binding cleft and in the

polysialoganglioside-binding pocket greatly reduce the

toxicity of BoNT/B and /G and double mutants at

the two binding sites abolish neurotoxicity (Rummel

et al., 2007; Dong et al., 2007).

SV2 is a membrane protein found associated with

secretory vesicles of neural and endocrine cells of ver-

tebrates (Scranton et al., 1993; Custer et al., 2006).

It exists in three isoforms, SV2A, SV2B and SV2C,

which differ in distribution in neuronal and endocrine

tissues (Bajjalieh et al., 1992, 1993, 1994). Recently,

the three isoforms of SV2 have been shown to serve

as specific protein receptors for BoNT/A. The primary

receptor for BoNT/A is SV2C, although SV2A and

SV2B can also act as receptors (Dong et al., 2006;

Mahrhold et al., 2006). The distribution of SV2 in

neuronal and endocrine tissue has not been clearly

delineated, but its location as well as that of other pro-

tein receptors will dictate the distribution of the toxins.

The differential distribution of synaptic vesicle pro-

teins in various neuronal tissues leads to the potential

of using different serotypes of BoNTs for the treatment

of peripheral and central nervous system diseases by

targeting neuronal cell populations (Verderio et al.,

2006). The NMJ also contains several proteins modi-

fied by glycosylation such as agrin, neural cell adhe-

sion molecule, dystroglycan and SV2 (Kröger and

Schröder, 2002; Martin, 2003) and the overall struc-

ture and organization of the NMJ contributes to binding

of BoNTs by mechanisms that have not yet been

elucidated.

An intriguing aspect of receptor binding for

BoNT/A, /B and /G is that it depends on vesicle recy-

cling and that their internalization within the nerve

terminals is mediated by the synaptic vesicles them-

selves acting as sort of “Trojan horses” for the neuro-

toxins (Dong et al., 2006; Verderio et al., 2006). This

mechanism favors toxin attack on the most active

terminals. Theoretically a toxin-penetrated terminal

will shut down exocytosis, allowing toxin molecules
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to enter actively exocytosing terminals yet to be

poisoned. It is presently thought that synaptic vesicle

recycling is involved in the uptake of most, if not all,

serotypes.

11.12.3. Trafficking and internalization

of BoNT-LCs into the neuronal cytosol

During or following internalization, both the H and L

chains of BoNT/A, /B, /E and TeNT are phos-

phorylated by the Src family of tyrosine kinases

(Ferrier-Montiel et al., 1996). Phosphorylation en-

hances thermal stability and increases catalytic activity

of BoNTs, possibly by transitioning the structure to a

more helical and compact form (Encinar et al., 1998).

The primary stabilizing and thermal effects appear to be

on the L chains (Blanes-Mira et al., 2001; Ibañ ez et al.,

2004), suggesting that the phosphorylated L chains may

be the dominant physiological form within the nerve

terminals. Since phosphorylation and dephosphorylation

have been implicated in regulation of synaptic trans-

mission (Lee, 2006) it also seems possible that BoNT

may act as an integral or surrogate component in the

regulation of synaptogenesis.

An inherent property of bacterial protein toxins

with intracellular targets is their ability to insert into

and translocate across membranes (Montecucco

et al., 1988; Lo ndon, 1992 ; Pa rker and Pattus, 1993;

Montecuc co and Sc hiavo, 1995; Lesieur et al., 1997;

Neale, 2003 ; Mé né trey et al., 200 5). Once in the intra-

cellular acidic compartment, the H chain is believed to

form a channel in lipid bilayers through which the

L chain enters into the cytosol following acidification

of the vesicle lumen (Schiavo et al., 2000; Koriazova

and Mont al, 2003 ; Fischer and Montal , 20 07b). Mem-

brane translocation is the least understood step of the

cellular mechanism of action of BoNTs. It has been

proposed that the H chain acts as a transmembrane

chaperone for the light chain to ensure a translocation

competent conformation during its transit from the

endosome (Koriazova and Montal, 2003; Fischer and

Montal, 2007b). The mechanisms of trafficking and

localization of LCs in the cytosol appear to differ

according to the serotype and structure (Aikawa

et al., 2006; Lawrence et al., 2007). Critical to entry

of the catalytically active L chain of BoNTs into the

neuronal cytosol is acidification of the lumen, which

is thought to trigger a structural change of the toxin

and initiation of membrane insertion (Montecucco

et al., 1988; Koriazova and Montal, 2003; Puhar

et al., 2004). To reach the cytosol the L chain must

cross the hydrophobic barrier of the vesicle membrane.

The pH gradient across the membrane is instrumental

in such a movement (Simpson et al., 1994). In fact,
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Fig. 11.4. Representation of blockade of vesicle fusion

with the presynaptic membrane by BoNT action. (A) Control;

(B) BoNT-treated.
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the internal acidity causes a conformational change

from a water-soluble “neutral” structure to an “acid”

structure, with the surface exposure of hydrophobic

patches which mediate the interaction of the H and L

chains with the hydrocarbon core of the lipid bilayer

(Montecucco et al., 1988, 1989; Puhar et al., 2004).

The release of the L chain requires reduction of the

interchain disulfide bond and an intact S-S bond is

an absolute requirement for toxicity and membrane

translocation (Schiavo et al., 1990; Fischer and

Montal, 2007a).

Once internalized the LCs may locate to different

compartments in neuronal cells. LC/A locates to the

plasma membrane and LC/E to the cytoplasm within

PC12 cells (Fernández-Salas et al., 2004). Mutations

in the LC revealed amino acid sequences at the N ter-

minus as well as a dileucine domain in the C terminus

that affected localization. The location of the LCs was

postulated as one factor affecting the duration of

action of the toxins, which can be several months to

a year for LC/A, while generally only a few weeks

for LC/E. Certain other factors likely contribute to

the duration of action and recovery from cellular

intoxication including processing and degradation

(Keller et al., 1999; Adler et al., 2001; Keller, 2006),

as well as regeneration of a productive SNARE appa-

ratus (Raciborska and Charlton, 1999; Meunier et al.,

2003; Bajohrs et al., 2004). There is evidence that

the long duration of action of BoNT/A and BoNT/C

(Eleopra et al., 1997, 2004) is significantly contributed

by the presence of a SNAP-25 molecule deprived of

only a few C-terminal residues which act as a strong

dominant negative in the assembly of the SNARE

supercomplex which mediates the binding of the

synaptic vesicle to the presynaptic membrane (Monte-

cucco et al., 2005). Further elucidation of the mechan-

ism of translocation and intracellular activities could

lead to novel treatments for botulism and targeted drug

delivery to neuronal cells.

11.12.4. Intracellular mechanisms of BoNT-LCs

The intracellular activities of BoNT-LCs in nerve term-

inals remained enigmatic until the 1990s. The determina-

tion of the nucleotide and amino acid sequences of

BoNTs and TeNT (Fairweather and Lyness, 1986; Binz

et al., 1990; Niemann, 1991) revealed that the light chain

contains a zinc-binding motif and this led to the demon-

stration that BoNTs and TeNTs have zinc metallo-

protease activity (Schiavo et al., 1992a, b, 1993a, b;

Montecucco et al., 1993). They were demonstrated to

act on specific isoforms of the SNARE proteins SNAP-

25 synaptobrevin and syntaxin (Schiavo et al., 1992b,

1993a, b, 1995, 2000; Blasi et al., 1993a, b; Montecucco

BOT
and Schiavo, 1995), which are integral for trafficking

of synaptic vesicles and their fusion with the plasma

membrane.

The BoNT-LCs are a unique group of proteases that

recognize 9-residue SNARE motifs within the natural

substrates (Montecucco and Schiavo, 1993, 1995;

Rossetto et al., 1994; Schia vo et al., 2000 ); the recog-

nition is structurally based and contributes to the high

specificity of the toxins for recognizing and cleaving

their substrates. The interactions of the catalytic

domain of BoNT with the neuronal substrates have

been studied for all seven serotypes. TeNT, BoNT/B,

/D, /F and /G cleave the vesicle-associated membrane

protein VAMP, at different single peptide bonds;

BoNT/C cleaves both syntaxin and SNAP-25, two pro-

teins of the presynaptic membrane; whilst BoNT/A

and /E cleave SNAP-25 at different sites within the

COOH-terminus (Montecucco and Schiavo, 1995;

Schiavo et al., 2000). Proteolysis of SNARE proteins

prevents the formation of an active membrane fusion

complex (Schiavo et al., 2000).

The findings that BoNT-LCs enzymatically cleaved

SNARE proteins through recognition of the SNARE

motif provided an explanation to morphological studies

which showed, in some cases, accumulation of synaptic

vesicles at the plasma membrane in BoNT poisoned

nerves (Fig. 11.3). This clearly demonstrated that a pri-

mary mechanism of BoNTs in blocking exocytosis is to

block exocytosis by disruption of SNARE trafficking

and neurotransmitter release. However, other functions

likely exist for these intriguing proteins. A summary of

the current understanding of the cellular mechanism of

action of the BoNTs at nerve terminals is illustrated in

Fig. 11.4.
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11.13. Synaptic and postsynaptic effects

The synaptic and postsynaptic pathophysiology of

BoNTs and secondary actions on muscle have been

much less studied than presynaptic activities at nerve

terminals. The onset, duration of paralysis, time for

recovery and effects in distal neuromuscular regions

is highly dependent on the serotype of BoNT, muscle

activity, muscle stimulation and other factors (Hughes

and Whaler, 1962; Eleopra et al., 1997, 2004, 2006;

Sloop et al., 1997; Hesse et al., 1998; Davletov et al.,

2005). The toxin’s efficacy also depends strongly on

the serotype and its method of preparation and compo-

sitio n ( Schantz and Johnso n, 1992 ; Mcl ellan et al.,

1996; Eleopra et al., 1997; Samp aio et al., 2 004;

Rosales et al., 2006). In humans, muscle paralysis gen-

erally reaches its highest severity in 4–8 days depend-

ing on the serotype and dose of toxin, plateaus for

several weeks to months and then muscle function gra-

dually recovers (Sloop et al., 1997; Eleopra et al.,

1998, 2006; Billante et al., 2002; Foran et al., 2003;

Rosales et al., 2006). These studies demonstrated that

local therapeutic injection into humans of BoNT/A,

/B, /C and /E cause paralysis for durations of �3–6,

3, 2–4 and 1–2 months, respectively.

The pathophysiology of synaptic and postsynaptic

effects from BoNT has been most thoroughly studied

in animal models. Local injections or application of

the toxin to tissue preparations are well known to cause

denervation and associated events including motor

paralysis, spread of AChR-sensitive areas, neuronal

sprouting, muscle fiber atrophy and some other changes

inmuscle morphology and composition (Thesleff, 1960,

1976, 1991 ; Drachman and Johnston , 19 75; Pest ronk

et al., 1976; Alderson, 1993; Hassan et al., 1995; Dodd

et al., 2005). In animal models, two primary morpholo-

gical changes are observed at the NMJ following BoNT

treatment. In proximal muscles, motor axon sprouting is

prominent, which probably results from a signal related

to denervation (Duchen, 1972; Pestronk and Drachman,

1978; Brown et al., 1981; Alderson, 1993; English,

2003). In more distal muscles, expansion of the endplate

region is more evident, although both changes may

occur in each muscle as observed in humans (Alderson,

1993). In animal models, particularly rat hemidiaphragm

preparations, muscle activity increases uptake of BoNTs

into the terminal nerve endings (Hughes and Whaler,

1962). Periodic electrical stimulation in patients being

treated with BoNT for blepharospasm and hemifacial

spasm increased the neuromuscular blockade (Eleopra

et al., 1997). Reduction of the CMAP was also greater

for the stimulated muscles. These results indicate that

muscle activity can enhance the clinical effects of the
toxin. Although quantal and spontaneous release of

neurotransmitter is blocked nearly completely by BoNT,

the nerve terminals and neuromuscular junctions do

not degenerate (Duchen and Strich, 1968; Duchen,

1971, 1972; Holland and Brown, 1981; Gomez and

Queiroz, 1982; Yee and Pestronk, 1987). Paralysis

by BoNT has also revealed trophic secretions at the

NMJ (Thesleff, 1993), supporting exchange of pre-

and postsynaptic information following the functional

denervation.

Botulinum-treated muscles are supersensitive to

ACh activation (Thesleff, 1960). Other than sprouting,

the ultrastructure of nerve terminals in botulinum-

intoxicated frog and cat muscles is not altered even after

periods of 3–4 weeks’ treatment (Thesleff, 1960). The

muscle preparations did not show any miniature

endplate potentials (mepps) or responses to nerve stimu-

lation. In cat tenuissimus muscle neuromuscular block-

ade by a single application of botulinum toxin reached

its maximum after 5 days and then remained at a con-

stant level for several months (Thesleff, 1976). At high

concentrations of toxin, spontaneous mepps were

usually absent and nerve stimulation evoked no endplate

potentials (epps). With lower quantities of toxin, the

mepp frequencywas about 100 times less than in normal

muscle. Nerve stimulation was either ineffective or

evoked tiny epps (Thesleff, 1960). The rate of recovery

from the blocked state of the neuromuscular junction

increased with age (Gutmann and Habnzlı́ková, 1972).

Elegant studies by Drachman (1964, 1971) demon-

strated the utility of botulinum toxin for studying the

nervous system. Injection of large intravenous doses of

BoNT/A-complex to 7- and 12-day chick embryos

resulted in skeletal muscle atrophy and only slight struc-

tural defects in heart and liver (Drachman, 1964, 1971).

The significance and utility of the chick model has been

reviewed (Drachman and Coulombre, 1962; Drachman,

1971; Johnson, 1999). The administration of enormous

BoNT doses is possible in chick embryos because their

respiratory gas exchange is by passive diffusion across

the chorioalloantoic membrane (Drachman, 1964).

Drachman administered doses which would kill 20 000

or more hatched chickens at 7 and 12 days. The embryos

injected with BoNT/A-complex showed multiple joint

contractures on hatching (arthrogryposis congenita

multiplex) due to the immobility during embryonic

development (Drachman, 1964) and had a slightly shor-

tened upper beak. All skeletal muscles were markedly

shrunken and fatty, an appearance most evident in the

chick embryos injected on prenatal day 7. Heart and liver

weights were reduced this was about 27% and 17%,

respectively, whereas in body (and limb) muscle this

was about 45% and 80%, respectively. Degenerative
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and fatty changes were more prominent in muscles of

embryo injected on day 7, consistent with age-dependent

susceptibility of the neuromuscular system to BoNT. The

observed histologic changes are like those of physical

denervation and atrophy, but on a greater scale in the less

mature animals (Adams et al., 1960; MacIntosh et al.,

2006). The results were interpreted to show a “trophic”

influence of neurally released acetylcholine on skeletal

muscle form and function (Drachman, 1964).

Physical denervation produces a physical separation

of nerve and muscle membranes at the synapse within

4–5 days (Thesleff, 1976). Chemical denervation by

BoNT is rapidly followed by copious sprouting of the

motor nerve terminals as well as by some nodal sprout-

ing (Duchen, 1971, 1972; Duchen and Strich, 1971;

Brown et al., 1981; Alderson, 1993; English, 2003).

In the experimental studies, terminal nerve sprouts

appeared erratically on the surface of the muscle fibers

and it is not clear whether these sprouts are attracted to

the functionally denervated endplates; perhaps more

likely, are seeking muscle sites for establishing new

synaptic contacts. It is clear that nerve terminal sprout-

ing is governed by the Schwann cells activated by the

lack of supply of acetylcholine (Son and Thompson,

1995). In BoNT/A denervated muscle, uncharacterized

biochemical changes were also detected (Gutmann,

1962; Watson, 2006). Determinants of sprout growth

possibly include electrical stimulation, when applied,

and pre- and postsynaptic secretion of neurotrophic

growth factors, cytokines and proteases, including the

ciliary neurotrophic factor and insulin-like growth

factors I and II (Brown et al., 1981; Thoenen, 1995;

English, 2003). The age of the animal also affects the

propensity of sprout formation (Gutmann and Habnzlı́-

ková, 1972). In BoNT-treated muscle, the immature

sprouts temporarily establish neuromuscular transmis-

sion (de Paiva et al., 19 99; English, 2003 ). How ever,

these immature connections tend not to reach full

maturity nor establish permanent motor endplates;

instead, in a second phase of reinnervation the original

motor endplate becomes reactivated and the super-

fluous sprouts are eliminated (de Paiva et al., 1999).

The remodeling process occurs with alterations in

neura l plasticity (de Paiva et al., 1999; Sanes and

Lichtman, 2001; Kummer et al., 2006). Sprouting

and repair is also associated with intriguing physiolo-

gical activities (Brown et al., 1981; de Paiva et al.,

1999; English, 2003). Sprouts induced by BoNT

denervation exhibit enhanced uptake and retrograde

transport of adenoviral particles and increased uptake

of exogenously introduced genes (Millecamps et al.,

2001, 2002; Federici and Boulis, 2006), pointing to

possible novel approaches for gene therapy of neuronal

BOT
diseases, such as amyotrophic lateral sclerosis (ALS).

Drachman and colleagues found that botulinum toxin

and denervation increased sensitivity of skeletal muscle

to Coxsackie A2 virus infection (Andrew et al., 1984).

The stability and regeneration of functional NMJ

and myogenesis also depends on the half-life of acetyl-

choline receptors. In normally innervated muscle, a

relatively long half-life of �12 days is observed (Avila

et al., 1989). Denervation leads to a much more rapid

turnover of AChRs after a lag period. Avila et al.

(1989) examined the effects of presynaptic and postsy-

naptic denervation on the stability on AChRs in soleus

and flexor digitorum brevis muscles by repeated injec-

tion of BoNT/A complex and by continuous applica-

tion of a-bungarotoxin in the soleus. Treatment with

BoNT caused accelerated turnover of AChRs, like that

after surgical denervation, but with a lag phase, while

exposure to a-bungarotoxin led to AChR loss with

the same time course as that observed after surgical

denervation. These experiments indicated that neuro-

transmission regulates the stability of AChRs at the

NMJ (Avila et al., 1989).

Muscle and nerve biopsies have been performed to

assess the pathology of BoNT-induced functional

denervation (Masel li et al., 1997; Keet et al., 2005 ).

Animals exposed to BoNT display varying degrees of

muscle atrophy depending on the dose applied (Drach-

man, 1971; Duchen, 1971; Capra et al., 1991; Hassan

et al., 1995). Use of acetylcholinesterase staining and

muscle fiber alterations have been employed to evalu-

ate the potency of BoNT preparations and to study

diffusion characteristics of the toxin (Borodic et al.,

1994). The affected muscle fibers are abnormal in size,

with most fibers atrophic and shrunken, and may also

have a basophilic sarcoplasm, altered nuclei and

nucleoli and shifts in myosin composition (Rosales

et al., 1996; Dodd et al., 2005; Keet et al., 2005).

The molecular pathways of myogenesis, myofiber

remodeling and muscle activity restoration following

BoNT exposure are in the early stages of investigation.

Extraocular muscles are highly sensitive to BoNT,

probably due to their specialized innervation and

muscle composition and topography, as well as super-

sensitivity to certain myasthenic diseases (Porter and

Baker, 1996; Ruff, 2002 ; Buttner-E nnever et al.,

2003; Con ti-Fine et al., 2006 ). BoNT/A injecti on in

the superior rectus muscles of rabbits resulted in a sig-

nificant increase in the number of bromodeoxyuridine-

positive nuclei and satellite cells. MyoD expression

in satellite cells and myonuclei was also significantly

increased following injection (Ugalde et al., 2005).

Several genes were upregulated in skeletal muscle

tissue in response to BoNT treatment. Transcription of
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the AChR a-subunit is enhanced, though not as rapidly

as in surgically denervated muscles (Lipsky et al.,

1989). In juvenile (1-month-old) rats, the expression

of mRNA was determined following injection of

BoNT/A-complex into the gastrocnemius muscle (Ma

et al., 2005; Shen et al., 2005, 2006). mRNA was

extracted from muscle extracts and real-time PCR and

gene microarrays were used to identify genes involved

in remodeling and stabilization of the NMJ and muscle

functional recovery. Key genes that were upregulated

included those encoding nAChR subunits, SNAP-25,

GAP-43, plasminogen activator and members of the

MyoD family (Tian et al., 1995; Ma et al., 2005; Shen

et al., 2005). In an extensive study, Shen et al. (2006)

examined more than 28 000 rat genes and observed that

�9000 genes were expressed in gastrocnemius muscle.

Among these, 105 genes were up-regulated and 59 genes

were down-regulated significantly in gastrocnemius

muscle extracts in BoNT-treated muscle. As expected,

the genes were expressed in a temporal order, suggesting

that a sequence of cellular events is involved in the recov-

ery process. Shen et al. (2006) suggested that recovery

occurred in two major stages, which they designated as

aneural and neural, and that IFG-1 was integral in the sig-

naling process. Extensive proteomic studies are being

performed on the systematic analysis of genes required

for synapse structure and function (Sieburth et al.,

2005) and this approach should yield valuable insights

into the genetic regulation of neuromuscular function in

response to denervation or other perturbations.

In therapeutic applications, BoNT affects classes of

muscle tissue differently. When BoNT/A is injected

into smooth detrusor muscle of the bladder and certain

other smooth muscle systems, such as the esophagus,

its effects last 6–9 months (occasionally up to 12

months) (Grosse et al., 2005; Schurch, 2006), compared

to 3–6 months observed in striated muscles. The longer

duration suggests that BoNT may act by different

mechanisms in the lower urinary tract including the blad-

der, proximal urethra and external urethral sphincter

(Smith et al., 2003). The reason for this is unclear, but

lack of axonal sprouting and delayed innervation could

be important factors (Schurch, 2006); a different rate of

replacing the BoNT/A-cleaved SNAP-25 in different

types of neuronsmay also play an important role in deter-

mining the duration of the effects. Additional mechan-

isms could include long-lasting atrophy or inactivation

of smooth muscle, while in striated muscle repeated and

long courses of injection do not appear to cause perma-

nent muscle atrophy or weakening (Borodic et al., 1994).

Smith et al. (2003) suggested that autonomic nerves

and parasympathetic and sympathetic nerves in the

urethra may have different sensitivity to BoNT/A.

A rat model was used to investigate the release of 14C-
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choline and 3H-norepinephrine at various frequencies

of nerve stimulation (2, 4 and 20 Hz) in the urinary

tract system. The fractional release of ACh in BoNT/

A-treated animals was significantly inhibited at a higher

frequency of stimulation (20 Hz), but not at lower fre-

quencies (2 Hz) 5 days after injection. However, ACh

release increased to SHAM-injected values 30 days

after toxin injection. Although no significant differ-

ences were observed in the fractional release of norepi-

nephrine from injected bladders, norepinephrine release

was inhibited in the urethra for at least 30 days (Smith

et al., 2003). These results indicated that BoNT/A

injected into the bladder could depress the release of

neurotransmitters in a frequency and time-dependent

manner. No significant changes were observed in nerve

density. Due to the heightened effect at high frequencies

of stimulation, Smith et al. (2003) suggested that BoNT

may affect intracellular signaling mechanisms invol-

ving protein kinase C. Furthermore, protein kinase C

phosphorylation of SNAP-25 affects phorbol-12-myris-

tate-13-acetate stimulation of norepinephrine release

from PC12 cells. It has also been shown that BoNT/A

depressed the facilitation of evoked release of norepi-

nephrine and serotonin release by the protein kinase C

activator 4-b-phorbol-12,13-dibutyrate in rabbit hippo-

campal slices (Nakov et al., 1989). These results indi-

cate that BoNT may participate in signaling pathways,

but further studies are needed to evaluate the toxin’s

involvement.

Distal temporal neuromuscular effects have been

observed following injection of BoNT. Increased jitter

was initially reported following periorbital treatment for

blepharospasm (Sanders et al., 1986). Most other studies

have evaluated distal effects on treatment of cervical dys-

tonia, in which relatively high levels of BoNT/A are gen-

erally injected (e.g., 100–500 U) (Olsney et al., 1988).

Modest increases in the magnitude of jitter and mean

fiber density were observed (Lange et al., 1987; Olsney

et al., 1988). Single-fiber EMG studies on distal muscles

including biceps brachii to measure jitter and fiber den-

sity changes have been investigated. In most studies,

patients did not develop weakness or decrement of mus-

cle response to nerve stimulation in muscles distant from

the injection site. Significant presynaptic blockage mea-

sured electrophysiogically were not observed. These data

support the notion that relatively high doses can be well

tolerated in clinical practice.

11.14. Central effects of botulinum neurotoxins

For many years there has been considerable debate

about whether physiological concentrations of BoNT

can enter the CNS (e.g., Koenig, 1971; Boroff and

Chen, 1975; Habermann and Dreyer, 1986; de Groot
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et al., 2002; Abbruzzese and Berardelli, 2006). This is

an intriguing area of study since BoNT injections have

been tried to alleviate CNS-related syndromes includ-

ing pain, epilepsy, migraine, visual function and psy-

chological disorders such as depression (Aoki, 2003;

Benecke et al., 2003; Lang, 2003; Luvisetto et al.,

2003, 2004, 2006; Ashkenazi and Silberstein, 2004;

Costantin et al., 2005; Johnson et al., 2006; Caleo

et al., 2007). BoNTs have been shown to affect synap-

tic activity of central neurons in tissue preparations at

high doses or after direct intracranial injection (Boroff

and Chen, 1975; Habermann and Dreyer, 1986; Ashton

and Dolly, 1988; Habermann, 1989). Presumably

because of its large size of 150 kDa, BoNT is not able

to permeate the blood–brain barrier or to be retrogra-

dely transmitted to the CNS at physiological concen-

trations (Simpson, 2000). However, limited clinical

observations in humans and animals suggest that

BoNT affects the central nervous systems at physiolo-

gically relevant doses (Koenig, 1971; Habermann and

Dreyer, 1986; Luvisetto et al., 2003, 2004; Abbruzzese

and Berardelli, 2006; Bozzi et al., 2006). It is currently

unclear if BoNT affects cortical excitability and plasti-

city in humans (Abbruzzese and Berardelli, 2006).

The ability of BoNT to affect brain function remains

controversial and needs further study. If BoNT entered

the CNS and brain at physiological levels or elicited

indirect effects from the periphery, this might open

important therapeutic opportunities.

11.15. Possible role of BoNT in neuronal
plasticity and learning

Motor systems throughout life within an organism

have a dynamic capacity for adaptive remodeling

and plasticity changes (Sanes and Donoghue, 2000;

Franchi, 2002). For several years, certain physicians

have reported that treatment of children for cerebral

palsy with BoNT sometimes leads to positive adapta-

tion of muscle function over time. Motor cortex reor-

ganization has been proposed to occur following

injection of BoNT/A into various muscles (Franchi,

2002). Adaptive changes in motor control have been

observed after localized injections of BTX, suggesting

remodeling of cortical activity. This has been postulated

to occur in musicians who have developed and

maintained high levels of skills in muscular activity

and motor control (Peschel and Altenmuller, 2004;

Watson, 2006). Musicians are also prone to suffer from

focal dystonia. In patients with upper limb dystonia,

patients treated with BoNT/A were found to transiently

alter the excitability of the inhibitory and excitatory

intracortical circuit activity, which was postulated

to originate through peripheral mechanisms (Gilio

BOT
et al., 2000). Besides relieving spasticity, functional

improvement by BoNT could involve synaptic plasticity

of themuscle afferents (Krishnan, 2005). It was reported

that BoNT generates synaptic plasticity in spinal

a-motoneurons and facilitates relearning by Hebbian

and Contrastive Hebbian modes. It is postulated that

BoNT can be used as a tool for relearning of motor

activity in various neural disorders (Krishnan, 2005).

11.16. Emergency information

The seriousness of botulism led to the establishment of a

National Botulism Laboratory at the Centers for Disease

Control and Prevention in the United States and similar

laboratories in certain other countries. In suspected cases

of botulism, the CDC can be contacted at www.cdc.gov

and the emergency 24-hour phone number for state health

departments is 770-4888-7100. Medical care providers

who suspect botulism in patients should immediately

call their state health department’s emergency 24-hour

telephone number. The state health department can

arrange for clinical consultation and, if indicated, release

of botulinum neurotoxin. State health departments can be

located by consulting the local telephone operator or

law enforcement agency, the telephone directory under

“government listings” or the Internet at http://www.cdc.

gov/other.htm#states or http://www.astho.org/state.html

(Hatheway and Dang, 1994).
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Gutmann E, Habnzlı́ková E (1972). Age Changes in the Neu-

romuscular Junction. Scientechnica Ltd., Bristol, UK.

Habermann E (1989). Clostridial neurotoxins and central ner-

vous effects: functional studies on isolated preparations. In:

LL Simpson (Ed.), Botulinum Neurotoxin and Tetanus

Toxin. Academic Press, San Diego, CA, pp. 255–279.

Habermann E, Dreyer F (1986). Clostridial neurotoxins:

handling and action at the cellular and molecular level.

Curr Top Microbiol Immunol 129: 93–179.

Hanson MA, Stevens RC (2002). Structural views of botuli-

num neurotoxin in numerous functional states. In: MF

Bain, J Jankovic, M Hallett (Eds.), Scientific and Thera-

peutic Aspects of Botulinum Toxin. Lippincott Williams

& Wilkins, Philadelphia, pp. 9–27.

Hassan SM, Jennekens FGI, Veldman H (1995). Botulinum

toxin-induced myopathy in the rat. Brain 118: 533–545.

Hatheway CL (1988). Botulism. In: WH Hausler, A Balows,

M Ohashi, et al. (Eds.), Laboratory Diagnosis of Infectious

Diseases. Vol. 1. Springer-Verlag, New York, pp. 111–133.

Hatheway CL (1993). Clostridium botulinum and other

clostridia that produce botulinum neurotoxin. In: AHS

Hauschild, KL Dodds (Eds.), Clostridium Botulinum:
Ecology and Control in Foods. Marcel Dekker, New York,

pp. 3–20.

Hatheway CL (1995). Botulism: the present status of the dis-

ease. Curr Top Microbiol Immunol 195: 55–75.

Hatheway CL, Dang C (1994). Immunogenicity of the

neurotoxins of Clostridium botulinum. In: J Jankovic, M
Hallett (Eds.), Therapy with Botulinum Toxin. Marcel

Dekker, Inc., New York, pp. 93–107.
Hatheway CL, Johnson EA (1998). Clostridium: the spore-

bearing anaerobes. In: L Collier, A Balows, M Sussman

(Eds.), Topley & Wilson’s Microbiology and Infections.

9th ed. Vol. 2. Systematic Bacteriology. Arnold, London,

pp. 731–782.

Hatheway CL, Snydjer JD, Seals JE, et al. (1984). Antitoxin

levels in botulism patients treated with trivalent equine

botulism antitoxin to type A, type B, and type E. J Infect

Dis 150: 407–412.

Hauschild AHS, Dodds KL (Eds.) (1993). Clostridium Botu-
linum: Ecology and Control in Foods. Marcel Dekker,

New York, pp. 3–20.

Heckly RJ, Hildebrand GJ, Lamanna C (1960). On the size

of the toxic particle passing the intestinal barrier in botu-

lism. J Exp Med 111: 745–759.

Hesse S, Reiter F, Konrad M, et al. (1998). Botulinum toxin

type A and short term electrical stimulation in the

treatment of upper limb flexor spasticity after stroke:

a randomized, double-blind, placebo-controlled trial. Clin

Rehabil 12: 381–388.

Heuser J (1976). Morphology of synaptic vesicle discharge

and reformation at the frog neuromuscular junction. In:

S Thesleff (Ed.), Motor Innervation of Muscle. Academic

Press, London, pp. 51–115.

Hikes DC, Manoli A (1981). Wound botulism. J Trauma 21:

68–71.

Hoch DH, Romero-MiraM, Ehrlich BE, et al. (1985). Channels

formed by botulinum, tetanus, and diphtheria toxins in

planar lipid bilayers: relevance to translocation of proteins

across membranes. Proc Natl Acad Sci U S A 82:

1692–1696.

Hoffman RE, Pincomb BJ, Skuls MR (1982). Type F infant

botulism. Am J Dis Child 136: 270–271.

Holland RL, Brown MC (1981). Nerve growth in botulinum

toxin poisoned muscles. Neuroscience 6: 1167–1179.
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