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ABSTRACT

Toxins of Clostridium botulinum (types A—G) are known as ‘neurotoxins’, causing the clinically well-
known picture of flaccid muscular paralysis. The molecular biological background is the blocking of
acetylcholine secretion in neuromuscular junctions by enzymatic cleavage of molecules forming the
machinery of exocytosis. Two ‘non-neurotoxins’ (types C2, C3) are produced by some strains of C.
botulinum types C and D. These affect the cytoskeleton by ribosylating actin filaments. All these toxins
are used as cell biological tools for the study of specific actions and effects in different eukaryotic cells.
Pharmaceutical and molecular biological research has shown their influence on several crucial organs
(or cell cultures thereof) of humans and animals (brain and spinal cord, cerebellum, hippocampus,
hypophysis, pancreas, adrenal glands, salivary glands and others). Under natural conditions, botulinum
toxins may pass the intestinal barrier and circulate in the bloodstream for a certain time. Carriers
occurring naturally in food, such as wheat germ agglutinin, digitonin or saponin, and bacterial toxins
such as streptolysin O, perfringolysins, C2 toxin or botulinolysin may also form pores in cell walls. They
facilitate the entry of botulinum toxins into cells that may not have natural binding receptors. It is
concluded that in vivo actions of different botulinum toxins after their entry into the organism may
contribute to the onset of different diseases of hitherto cryptogenic origin. Some examples are given and
future problems are discussed.

Keywords: botulinum toxin, botulism, Clostridium botulinum, systemic disease

Abbreviations: BoNT, botulinum neurotoxins; BoT, botulinum toxins; DIG, digitonin; SAP, saponins;
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BASICS

The species Clostridium botulinum comprises a group of different spore-forming
anaerobic bacteria which are characterized by their metabolic capacity to produce
highly lethal exotoxins.

At least seven types of botulinum neurotoxins (BoNT) are known (A, B, C1, D, E, F,
G). There are some reports of mixed types: two toxins in one bacterium, or moieties of
different toxins in one molecule (for review see Cato et al., 1986; Smith and Sugiyama,
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1988). BoNT block the exocytosis of acetylcholine in neuromuscular junctions by
proteolytic cleavage of so called SNARE molecules (for reviews see Logan et al., 2003;
Szule and Coorssen, 2003). Changes in the expression of neurotransmitter genes in
motoneurons may occur as well (Jung et al., 1997; Humm et al., 2000).

Some strains of C. botulinum types C and D produce two ‘non-neurotoxins’, C2 and
C3 (Gunnison and Meyer, 1929; Aktories et al., 1986a,b, 1987). C2 is a binary toxin.
C2 and C3 exist in two different molecular forms (Oguma et al., 1981, 1984; Moriishi
et al., 1993). C2 is recognized as ‘toxin’ and it has been classified as cytotoxic
enterotoxin (Ohishi et al., 1984), whereas the role of C3 as a virulence factor is still
unclear. It is usually described as an ‘exoenzyme’. In this review, both neurotoxins and
C2 and C3 are referred to as botulinum toxins (BoT).

BoNT lead to the well-known clinical picture of muscular paralysis in humans and
animals (‘botulism’), which is used as the standard diagnostic tool in the mouse
bioassay (CDC, 1998). Other effects, already partly described in the first human
artificial intoxication (Kerner, 1820) (e.g. ‘dry mouth’), were considered as atypical or
as almost negligible side-effects, although they were the main clinical symptoms in
various outbreaks (Jenzer et al., 1974). C2 is lethal for mice, rats, guinea-pigs and
chickens and causes increased enterotoxin-like permeability of blood vessels (Ohishi et
al., 1980; Ohishi, 1983a,b; Ohishi and DasGupta, 1987) and haemorrhages and
oedema in the lungs (Simpson, 1982; Ermert et al., 1995, 1996, 1997). C3 even has a
ribosylation effect on alfalfa plant cells (Minic et al., 1999).

The standard actiology of botulism is food poisoning in which BoT has been
produced outside the body. Since 1967, toxicoinfections have been described in which
BoT are produced inside the intestinal tract (foal botulism, infant botulism) (Rooney
and Prickett, 1967; Midura and Arnon, 1976). It was shown that BoNT type A is an
inhalation toxin and may penetrate human and murine pulmonary epithelial cells and
canine kidney (MDCK) cells in vivo and in vitro (Park and Simpson, 2003). BoT are
thought to be directed via the bloodstream to the neuromuscular junctions. Rare cases
of wound botulism, an infection, have been reported. All these forms are considered to
lead to muscular paralysis.

There are reports that BoT may cause types of clinical disease other than flaccid
paralysis. For general aspects see Jenzer et al. (1974), Smith and Sugiyama (1988),
Kriek and Odendaal (1994); for sudden infant death see Arnon and Chin (1979),
Bohnel er al. (2001b); for equine grass sickness see Tocher et al. (1923), Hunter et al.
(1999); and for visceral botulism in cattle see Bohnel er al. (2001a). As well as in
neuromuscular junctions, BoT binding sites have been described in the central nervous
system, especially in the hippocampus and cerebellum as well as in the cerebral cortex
(Black and Dolly, 1987; Simpson, 1989; Li and Singh, 1998). It is possible to measure
postsynaptic retrograde actions of BoT in the hippocampus (Lledo er al., 1998).
Berardelli and colleagues (2002) point out that BoT can transiently alter the excitability
of the cortical motor areas, and alter sensory input, producing secondary changes at
central level. Heart rate variations, sympathetic skin responses and low plasma
noradrenaline (norepinephrine) levels as well as hypotension were manifestations of
autonomic dysfunction in botulism patients (Simpson, 1982; Chen et al., 1999). There
is one report of pure autonomic dysfunction as the leading clinical symptom with type
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B botulism in humans (Merz et al., 2003). A general symptom of botulism in dairy
cattle is a pronounced reduction in milk yield (Moeller et al., 2003).

In 1981, BoNT were introduced as therapeutic agent to treat strabismus (Scott,
1981). Subsequent publications on BoNT treatment (‘chemodenervation’) of quite
different diseases are numerous (see Miinchau and Bhatia, 2000; Brin et al., 2002).
However, complications and adverse reactions should be taken into account (Klein,
2003).

In natural diseases, various toxins may remain detectable in the blood up to 3 weeks
after uptake in humans (Finegold, 1987); in animals, BONT may not be found in the
circulation for several days (Smith and Sugiyama, 1988; Moeller et al., 2003), although
death may occur in cattle as long as 3 weeks after uptake of toxic feed (Kriek and
Odendaal, 1994). The therapeutic neuroparalytic duration of BoNT in small amounts
is dose-dependent, being long for type A (half-life of inhibition >>31 days), followed by
types Cl1, B, F and E with half-lives >25, ~10, ~2, and ~0.8 days, respectively
(Foran et al., 2003b).

In neurons, the destruction of the motor endplate was considered as being
irreversible (Smith and Sugiyama, 1988). Recent reports show that acetylcholine
release is abolished by BoNT action in neuronal synapses; new sprouts of the nerve
terminal will take over their functions. However after 90 days (BoNT type A) or 7 (type
F) or 5 days (type E) the parent nerves take on their original functions and the sprouts
are eliminated (Foran et al., 2003a; Meunier et al., 2003).

MOLECULAR BIOLOGICAL RESEARCH USING BOTULINUM TOXINS AS
TOOLS

Intensive pharmacological research has revealed that exocytosis in practically all
eukaryotic cell systems is based on various types of molecules — the SNARE proteins
— although many questions remain unanswered (for reviews see Bock and Scheller,
1997; Jahn and Niemann, 1994; Graham et al., 2002). Different isoforms of SNARE
molecules, such as SNAP-23, SNAP-25 or SNAP-29, are found in many organs and
cells, including brain, placenta and haematopoietic cells (Ravichandran et al., 1996;
Wong et al., 1997; Logan et al., 2003). These SNARE proteins are major research
targets. BONT are used as a biological tool in dissecting the exocytic machinery
(Ludger and Galli, 1998; Linial, 2000). C2 and C3 toxins affect some but not all
members of the Rho family by ADP-ribosylating the actin filaments and are used in
research for intracellular processes (Nishi et al., 2002; for review see Aktories and
Wegner, 1989; Schmid et al., 1994; Aktories et al., 2000; Wilde and Aktories, 2001;
Barth et al., 2002 a,b).

In general, this basic research was obviously not connected with the clinical disease
of ‘botulism’ and clinicians hardly considered the possibility that naturally occurring
BoT, produced outside or inside the body (except to some extent C2 toxin), might also
trigger cellular processes in vivo that may initiate or aggravate clinical diseases other
than muscular paralysis. It seems that BoT could play a central physiological role in
connection with exocytosis and cell structure.
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The goal of this review was to compile results of publications available to us that
have been presented under pharmacological or basic biological headings and that
might explain non-muscular effects of BoT.

Penetration of the toxins into the cells was accomplished either by direct contact or,
for those cells lacking effective BoT receptors, artificially by conjugation to pore-
forming adjuvants. The pore-forming substances used (and selectively recorded here)
do not destroy the cells. Most of them are naturally occurring products. Wheat germ
agglutinin, most frequently used, may be found not only in wheat, but also in
groundnuts, soybeans, tomatoes, potatoes and many other plants. This compound
might help to increase the permeability of the intestinal wall and mediate the uptake of
larger molecules, which apparently occurs in the upper gastrointestinal tract, and it
maintains its biological activity in the blood (Wang et al., 1998; Watzl et al., 2001;
Wirth et al., 2002; Gabor et al., 2002). Streptolysin O is produced by most strains of
Lancefield group A B-haemolytic streptococci. It may cause toxaemias and generates
large transmembrane channels exceeding 15 nm. It may attack a wide variety of cells
(Bhakdi er al., 1985). Digitonin is contained within the seeds of Digitalis purpurea.
Saponins are a type of glycoside widely distributed in plants. Other substances such as
lipopolysaccharides (for review see Caroff et al., 2002), perfringolysin (a toxin of C.
perfringens) and botulinolysin (a haemagglutinin of C. botulinum) (Sekiya et al., 1998),
apparently have not been used by molecular biologists but may be present under
natural conditions in the intestines and may perforate the intestinal wall and blood
vessels (Granum, 1990; Steinthorsdottir er al., 2000). Staphylococcal a-toxin or
Escherichia coli haemolysins may also be present (Bhakdi ef al., 1996). C2 is a binary
toxin; one part (C2-II) forms channels in lipid bilayer membranes, enabling the other
part (C2-I) to traverse the cell membrane directly (Schmid et al., 1994; Stiles et al.,
2002) or to help other proteins such as C3 toxin to overcome the intestinal barrier
(Barth et al., 1998; Nilius et al., 1999; Barth et al., 2002a; for review see Barth et al.,
2002b; Blocker et al., 2003).

Sometimes the molecules of BoNT are split by dithiothreitol to procure the
enzymatically active light chain of the neurotoxin molecules. Toxins may penetrate
the cells even without specific binding receptors under conditions of long time and low
concentration combined with low affinity (Shone and Melling, 1992).

Tests regarding BoT action with electroporation, microinjection or genetically
manipulated cells were omitted from this review as well as C3 toxins produced by C.
limosum.

OVERVIEW

The effects of BoNT on exocytosis of cells others than those of neuromuscular
junctions of striated muscles are shown in Tables I to III (neuronal cells and organs,
endocrine cells and organs, and non-neuronal and non-endocrine cells and organs).
Almost all types of BONT were used in a variety of primary and secondary cell cultures
or preparations including those which are ordinarily resistant to the effect of
neurotoxins (Chaddock et al., 2000). Summarizing, it is possible that BoNT are
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transported additionally into cells other than neurons under natural conditions. These
naturally occurring substances and their presence/absence may provide an explanation
of the obviously uneven distribution of botulinum diseases. Streptolysin O and
staphylococcal or C. perfringens toxins could help to overcome the blood-brain
barrier. In the central nervous system of the rat there are selective locations of
receptors for BoT, especially in the hippocampus and the cerebellum, although toxin
uptake is minimal and its penetration into intact cells is restricted (Black and Dolly,
1987). In bovine brain it was shown that specific types of gangliosides enhance
adherence of BoNT (Schengrund et al, 1993). The results of tests with C2 toxin
affecting actin filaments of the cell skeleton in different organs or cell cultures are given
in Table I'V. Specific actions of C3 toxin are compiled in Table V.

Although an understanding of the mechanisms underlying these observations is
clearly incomplete, there are sufficient data to suggest influences on clinical diseases.
Owing to restrictions of space in this overview, the compiled tables cannot be
comprehensive; for details, it is necessary to consult physiological and clinical text-
books. Any presentation of regulatory circuits, important as they are for general
understanding, are beyond the scope of this review.

There is a wide range between complete and partial blockage of secretions. The
effects on intact neurons may be different from those in cell culture (Williamson et al.,
1996). As shown in Table I to III, BONT may interfere with many physiological
features. However, the effects of different toxin types on different organs of different
animal species and humans cannot be compared directly. Not every type of BONT will
produce the same physiological result. In vivo there may be different effects of BoNT.
Type B neurotoxin causes drooling of liquid saliva, whereas type C/D results in
mucous salivation in cattle (Kriek and Odendaal, 1994). Type A will reduce the clinical
symptoms of salivary overproduction in humans when injected directly into the
salivary glands (Ellies ez al., 2003). Injection of type A into the rat urinary tract will
show different effects according to the neurotransmitter (MacKenzie et al., 1982) and
innervation (Smith et al., 2003), whereas small amounts of BoNT type C may cause
only frequent urination in cattle (Kriek and Odendaal, 1984; Moeller et al., 2003).

Flaccid paralysis and some ‘atypical’ features are well accepted by the medical and
veterinary professions. The data presented in this review, however, are sufficient to
illustrate the relevant concepts. In the following, underrated influences of BoT on
different organ systems are given as examples.

Central and peripheral nervous systems

In the central nervous system, release of acetylcholine or noradrenaline might be
blocked. After resorption of the toxin from the intestinal tract, the cranial nerves are
affected first, causing diplopia and dilated pupils. Peripheral nerves are affected later,
finally causing respiratory or cardiac failure (Hirokawa and Kitamura, 1979; Haber-
man et al., 1988; Luvisetto et al., 2003). It is predicted that blockage of signal cascades
in pituitary cells by C3 might contribute to several human neurological diseases (Storey
et al., 2002). Mediator elaboration and cell activation in immune and inflammatory
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cells may also be affected by BoT (see Logan et al., 2003). There may even be further
effects due to retrograde actions on the central nervous system once the toxin has
passed the intestinal barrier (Wiegand et al., 1976; Ashton and Dolly 1988; Moreno
Lopez et al., 1994; Behari and Raju, 1996). Recent studies showed that alterations in
adrenal and catecholaminergic pathways may lead to profound changes in autonomic,
cardiovascular, neuroendocrine, metabolic, nociceptive and immune functions (Par-
mer and Zinder, 2002). The precise outcome of a blockage of the sympathetic nervous
system cannot be predicted, however (Moynihan et al., 2004). In cases of visceral
botulism, affected cows appear blind and deaf or with reduced cognition; the whole
herd presents a strange attitude if one enters the stable (B. Schwagerick, personal
communication). Some animals may remain without any movement for several
minutes, others show a staggering gait that is different from muscular paralysis. There
could be a connection between BoT effects on the pancreas and cognitive impairement
due to a leaking brain-blood-barrier, as is reported for type II diabetes (Bowler, 2003;
Starr et al., 2003).

Enteric nervous system

Damage to the enteric nervous system in the gut by BoT may influence motility,
exocrine and endocrine secretions, microcirculation and immune and inflammatory
processes. In particular, food intake, gallbladder and pancreas may be affected, and
diarrhoea and constipation may be seen (for review see Hansen, 2003a,b,c). Although
not specific to BoT, a broad pathology of clostridial constipation is hypothesized
(Zoppi et al., 1998; Johnson, 2001). BoT might even be suspected, like other clostridial
toxins, to be connected with some forms of autism (Finegold et al., 2002), as has been
already hypothesized for the related tetanus toxin (Bolte, 1998).

Endocrine glands, such as pancreas

Diabetic autonomic neuropathy of uncertain origin is a well-known and well-
characterized clinical manifestation (Vinik ez al., 2002). Almost all reported dysfunc-
tions connected with this disease may be caused by or attributed to BoT, including the
hypothalamus as a central site within the central nervous system and the clinical
expression of diabetes (Elmquist and Marcus, 2003).

In a small prospective study in obese adults, bacterial forms of C. botulinum were
found in the stools of four out of five patients with diabetes. Out of 15 controls without
diabetes, two were positive for BONT and three for bacterial forms (Scholz, Kriiger,
and Bohnel, unpublished data, 2001). Recent studies showed an increased blood—brain
barrier permeability in type II diabetes eventually linked with cognitive impairment
(Mayhan, 2001; Starr et al., 2003; Bowler, 2003) and an effect of high glucose content
on oxidative stress (Evans et al., 2003).
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Respiratory tract

In its first description, C2 was shown to cause lung oedema in cattle. This is true for
other animals as well (Ohishi ez al., 1980; Simpson, 1982; Ohishi, 1983 a,b; Ohishi and
DasGupta, 1987; Smith and Sugiyama, 1988; Ermert et al., 1995, 1996, 1997). The
pulmonary epithelium may act as an entry port for BONT without destruction of the
cells (Park and Simpson, 2003). C2 toxin may cause rounding of epithelial cells, hence
facilitating the entry of other toxins. Aspiration pneumonia due to paralysis of the
tongue and larynx, leading to a febrile reaction, may hide the real cause.

Genital tract, including fertility

Reduced calving rate, stillbirth of calves, placental retention and delayed involution of
the uterus are frequently seen in cases of visceral botulism. This could be due to
reduced muscular action and blood supply, and blockage of neuronal actions (Morris
et al., 2001, 2002). Reduced acrosome reaction by different types of BONT (Tomes et
al., 2002), reduced survival of granulosa cells in the ovary (Shiota et al., 2003) and
decreased embryo outgrowth (Shiokawa et al., 2000), both connected with C3 toxin,
could be an explanation for reduced fertility. BONT type B may have an influence on
erectile dysfunction in humans (Jenzer et al., 1974; Merz et al., 2003) as it was reported
as a side-effect in BoNT type A treatment (Papadonikolakis et al., 2002). Similar
clinical symptoms were observed in a farmer who showed antibodies against BONT
types A and B (unpublished data). The influence of C2 on fibroblasts (Rennov-Jessen
and Petersen, 1996), together with reduced tension of the teat sphincter muscle, could
lead to an increased number of cases of mastitis. There is one report on an antibiotic-
resistant mastitis with production of BONT type B (Bohnel ef al., 2004), whereas there
is no evidence for transfer of toxin from the blood into the milk (Moeller et al., 2003).

Blood cells and blood vessels

Phagocytosis. There is ample evidence that blood cells are affected by BoT, with a
mainly negative effect on phagocytosis (see Tables III to V). Changes in surface
morphology of endothelial cells (Schnittler et al., 2001), dissemination of C2 toxin
throughout the body (Suttorp et al., 1991), and reduced blood pressure may be the
reason for formation of oedema, negative jugular vein pulsation, sterile laminitis
(Schwagerick, 2004) and some stellate skin depigmentation (M. Aldinger, personal
communication).

Allergic and inflammatory affections. Substance P and histamine increase cell cytotoxi-
city, whereas noradrenaline reduces natural killer cell activity. Cell migration is
influenced in the opposite direction (Lang et al., 2003). C2 toxin is reported to influence
these regulatory circuits and hence may show an interconnection between immune and
neuroendocrine systems (see Table IV).
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Neuro-immuno-endocrine interactions. Neuro-immuno-endocrine interactions may be
triggered by BoT (Besedovsky and del Rey, 1996; Majde and Krueger, 2002; for review
see Ader et al., 2001). A retrograde influence far from the site of the direct action of
BoT injected into muscles changed the physiology of corresponding motoneurons
(Moreno Lopez et al., 1994; Jung et al., 1997; Humm et al., 2000).

There are reports of ‘beneficial’ effects of BoT: induced Epstein—Barr virus
proliferation was inhibited by C2. C3 caused an overall decrease in both number and
length of respiratory syncytial virus filaments in human cancer (Hep-2) cells (Melamed
et al., 1994; Gower et al., 2001; McCurdy and Graham, 2003). C3 may have beneficial
effects in ischaemic strokes (Laufs et al.,, 2000) and may reduce the invasiveness of
human and rat hepatoma cells (Genda et al., 1999; Imamura et al., 1999; Yoshioka et
al., 1999) and human ovarian cancer cells (Sawada et al., 2002). Negative regulators of
regeneration in liver cells and axonal cells in injured brain and spinal cord are blocked
by C3 (Ikeda et al., 2003; Fournier et al., 2003). Dysfunctions of haemotopoietic cells in
allergies may be affected by BoT (see Logan et al., 2003).

Although, under natural conditions, toxin concentrations in blood may not be as
high as during some of the reported pharmacological tests, and low BoT concentra-
tions may not diffuse through the blood-brain barrier (Boroff and Chen, 1975), a
continuous uptake of toxin over weeks or even months could lead to completely
different clinical pictures. It was for a long time accepted that in botulism no serum
antibodies against BoT were to be found, on the presumption that the toxic level was
lower than the antigenic level. The demonstration of antibodies under natural
conditions (Ohishi ef al., 1979) and in visceral botulism (Bohnel ez al., 2001a) indicates
that very low doses of BoT do have access to the body systems without obvious clinical
disease.

There are no reports on the clinical effects of low doses of BoT and long-time
absorption on eventual long-term mortality as has been shown for other foodborne
gastrointestinal infections in humans (Helms et al., 2003).

Outlook

From 1997 to 2003 our institute received almost 13 000 samples for botulism control.
We tested for the presence of botulinum neurotoxins and bacterial forms in samples of
stools/faeces and organs according to international standards (CDC, 1988). Almost
1000 outbreaks on farms were confirmed; 966 were positive, and an additional 57
could not be neutralized by available antitoxins. There was an increase from 60 cases in
1999 to 387 in 2003. According to veterinary practitioners, the disease has reached an
unacceptable level (Bohnel and Gessler, 2003). From 208 human cases, 96 were
positive and 14 could not be neutralized. Several cases of diagnosed botulism did not
coincide with standard forms of botulism. In human cases with cryptogenic origin,
such as cases of multiple sclerosis in infants, cryptogenic neurological failures,
incontinence and sexual dysfunction in adults, periodic blurred vision in children and
adults, and sudden death of a patient with necrotic wounds, we found the presence of
BoT in the patients’ stools. In 9 out of 49 apparently healthy infants, at least without
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obvious clinical symptoms, BoT or bacterial forms of C. botulinum (five neutralized by
antitoxins) were found in the faeces (unpublished results). Finally the effects of BoT
have been implicated in cryptogenic pathological and clinical changes that led to
visceral botulism in cattle (Bohnel ez al., 2001a) and equine grass sickness in horses
(Tocher et al., 1923; Hunter et al., 1999; Bohnel et al., 2003).

It is generally accepted that health risk will increase with increasing number of
pathogens. Many substances that are claimed to be beneficial for soil structure and
fertility may contain heavy loads of botulinum spores and even toxins (Popoff and
Argente, 1995; Bohnel and Lube, 2000; Bohnel er al., 2002; Bohnel, 2002). Conse-
quently, any voluntary spreading of additional C. botulinum in the environment will
add to possibly existing bacterial populations. Water and dust and direct contact with
soil will increase the health risk. Modern waste management practices in which
agricultural sites are used as dumping grounds for recycling products could therefore
pose a threat to human and animal health, today and in the future.

Hence, the results of molecular-biological research indicate that BoT, both neuro-
toxic and non-neurotoxic, influence exocytosis and the intracellular skeleton in
eukaryotic cells and may initiate or mediate unexplained systemic disorders. The
long-used clinical term ‘botulism’ might not be replaced by flaccid paralysis or visceral
botulism, but the general understanding has to be broadened to ‘different clinical
expressions of one systemic disease’. The increasing numbers of site-specific and/or
hitherto locally unknown types of C. botulinum in the environment will increase both
the number and types of diseases or syndromes of humans and animals. Antibiotic
treatment to reduce the load of C. botulinum in the intestines is not entirely successful,
and new health management systems need to be found to reduce the impact of C.
botulinum on human and animal health.
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