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ABSTRACT Botulinum neurotoxins (BoNTs), the most poisonous substances known
in nature, pose signiﬁcant concern to health authorities. The only approved therapeutic for botulism is antitoxin. While administered to patients only after symptom
onset, antitoxin efﬁcacy is evaluated in animals mostly in relation to time postintoxication regardless of symptoms. This is most likely due to the difﬁculty in measuring
early symptoms of botulism in animals. In this study, a rabbit spirometry model was
developed to quantify early respiratory symptoms of type E botulism that were further used as a trigger for treatment. Impaired respiration, in the form of a reduced
minute volume, was detected as early as 18.1 ⫾ 2.9 h after intramuscular exposure
to 2 rabbit 50% lethal doses (LD50) of BoNT serotype E (BoNT/E), preceding any visible symptoms. All rabbits treated with antitoxin immediately following symptom onset survived. Postsymptom antitoxin efﬁcacy was further evaluated in relation to
toxin and antitoxin dosages as well as delayed antitoxin administration. Our system
enabled us to demonstrate, for the ﬁrst time, full antitoxin protection of animals
treated with antitoxin after the onset of objective and quantitative type E botulism
symptoms. This model may be utilized to evaluate the efﬁcacy of antitoxins for additional serotypes of BoNT as well as that of next-generation anti-BoNT drugs that enter affected cells and act when antitoxin is no longer effective.
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B

otulinum neurotoxins (BoNTs) are produced by the anaerobic bacterium Clostridium botulinum and are the most potent toxins known in nature, with an estimated
human 50% lethal dose (HLD50) of 1 ng/kg of body weight (1). Among the different
serotypes of the toxin, the A, B, E, and, rarely, F serotypes have been documented as
being toxic for humans (2). Following entry into the circulation, BoNTs block acetylcholine transmission across neuromuscular junctions at presynaptic motor neuron
terminals and cause bilateral ﬂaccid paralysis that eventually ends in respiratory failure
(3, 4). Widespread outbreaks of foodborne botulism might involve dozens of infected
people who, without adequate treatment, may die (5–7), and BoNTs are thus of
signiﬁcant concern to health authorities. In addition, due to their extreme potency,
BoNTs are classiﬁed as category A biothreat agents (8).
Standard therapy for botulism includes the administration of botulinum antitoxin
and, in severe cases, intensive supportive care by means of mechanical ventilation.
Antitoxin preparations are derived from equine plasma for adult patients (9) or from
human plasma in cases of infant botulism (10). The development of “secondgeneration” antitoxins is now under consideration. These preparations are based on
combinations of human-origin monoclonal antibodies that are intended to facilitate
better toxin clearance and reduce potential side effects associated with the injection of
the heterologous horse antibodies (11–15).
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Botulinum antitoxin is expected to be useful mainly for neutralizing circulating BoNT
molecules that are not yet bound to nerve endings (16). Hence, prompt antitoxin
treatment should slow the disease course and reduce pulmonary distress by preventing
toxin from binding its target (17). Indeed, data collected from observations of human
clinical cases and from animal studies support the notion that there is a critical
“therapeutic time window” for effective antitoxin treatment following botulinum intoxication. In type A botulism cases in the 1970s in the United States, reviewed by
Tacket et al., patients who received antitoxin in the ﬁrst 24 h after symptom onset (early
treatment) or even later (late treatment) had lower fatality rates (10% and 15%,
respectively) than did those who did not receive antitoxin at all (46%). Moreover,
patients who received antitoxin early had a short disease course and did not need
intubation, compared to patients who received late or no antitoxin treatment (17).
Additionally, in a large type A botulism outbreak, two groups of intubated patients who
received antitoxin either 4 days (early) or 6 days (late) after exposure were compared,
and it was shown that patients treated early needed mechanical ventilation for a
shorter period (5). Successful treatment with antitoxin was demonstrated for type E
botulism as well. The fatality rate of botulism was ⬃30% without antitoxin therapy but
dropped to ⬃4 to 8% with the use of antitoxin therapy (18, 19). The advantage of early
antitoxin administration has also been demonstrated for heptavalent botulism antitoxin (HBAT) (14). It should be noted that in addition to antitoxin treatment, patient
management through mechanical ventilation and other supportive measures has also
contributed to the reduction in fatality rates.
While antitoxin is administered to patients only after symptom onset, its use in
animal studies has been related mostly to time postintoxication regardless of symptoms (20–32). To evaluate antitoxin efﬁcacy in a more clinically relevant timeline of
treatment, we recently developed a mouse model for postsymptom, antibotulinum
therapy (33). In that study, mice intoxicated with either BoNT serotype A (BoNT/A) or
BoNT/B were fully protected when treated with a speciﬁc antitoxin after the manifestation of waist contraction, i.e., the “wasp waist” symptom. However, in mice exposed
to BoNT/E, the time to death (TTD) was signiﬁcantly shorter than those with BoNT/A
and BoNT/B intoxications. Moreover, in BoNT/E-intoxicated mice, symptoms were
ambiguous and could not be observed in all animals. Consequently, antitoxin therapy
was ineffective in the time window between symptom onset and death.
Type E botulism is more abundant in Canada, Japan, and northern countries than
are types A and B due to optimal environmental conditions favoring the proliferation
of C. botulinum type E in food of oceanic origin (34). BoNT/E exerts its toxicity
signiﬁcantly earlier and faster than do BoNT/A and BoNT/B, mainly by entering neurons
more rapidly and acting faster to inhibit neurotransmission (35). Indeed, individuals
who were exposed to BoNT/E in food were admitted to the hospital as early as 24 h
after the ingestion of contaminated food, whereas in cases of type A botulism, the
average time to hospitalization may vary up to 7 days postexposure (36). Interestingly,
recovery from type E botulism is faster than is recovery from type A botulism, apparently owing to the larger deletion of SNAP-25 (37) and to the enhanced susceptibility
of the BoNT/E catalytic domain to ubiquitin-dependent degradation (38). Thus, although considered less dramatic, with a higher probability for recovery and a shorter
duration of mechanical ventilation, type E botulism is the earliest to appear and
therefore demands earlier diagnostic and medical responses.
In this study, a novel rabbit model for the evaluation of postsymptom antitoxin
efﬁcacy for type E botulism is described. The model relies on the early detection of
deviations in physiological respiration parameters as measured by spirometry.
Preexposure respiratory data were individually collected and statistically analyzed to
determine conﬁdence limits. Rabbits exposed to BoNT/E showed a signiﬁcantly reduced
respiratory minute volume (MV). A positive and statistically signiﬁcant correlation was
obtained between time to symptoms (TTS) and TTD. The administration of antitoxin
immediately after symptom onset was fully protective, and complete respiratory reaac.asm.org 2
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FIG 1 Rabbit respiratory parameters. Shown is a representative depiction of individual data collected
from 14 independent measurements of a preexposed, unanesthetized rabbit. (A) Minute volume (MV) is
the air volume consumption per minute. (B) Rate is the number of inhalations per minute. (C) Tidal
volume (TV) is the air volume per inhalation. UL, upper limit; LL, lower limit; M, mean (UL ⫽ M ⫹ 2 ⫻
SD; LL ⫽ M ⫺ 2 ⫻ SD).

covery was observed usually within 2 to 3 days of exposure. The effect of toxin and
antitoxin dosages, as well as that of expanding the therapeutic window, is presented.
RESULTS
Experimental design. The main purpose of this study was to evaluate antitoxin
efﬁcacy in a clinically relevant timeline, i.e., after the manifestation of botulism symptoms. In an attempt to deﬁne a quantitative symptom that will enable the evaluation
of antibotulinum therapy in symptomatic animals, we monitored physiological respiratory parameters in naive (preexposed) unanesthetized rabbits using a ﬂowmeter.
Data for respiration physiology parameters, including minute volume, rate, and tidal
volume, were collected and analyzed. At least 12 independent measurements of each
parameter were carried out for each individual animal over a period of 7 days in order
to calculate the means and standard deviations (SD) (Fig. 1). Upper and lower conﬁdence limits were determined as the means ⫾ 2 SD, for which the probability (P) of
measuring values above or below these limits in two successive measurements was
0.0025. Accordingly, values below the lower limit in BoNT-exposed rabbits were expected to be attributed to breathing distress due to intoxication and thus were
considered clinical symptoms of botulism.
Characterization of respiration physiology in intoxicated rabbits. BoNT/E toxicity in rabbits was ﬁrst studied by the determination of LD50 values. One rabbit LD50
via the intramuscular (i.m.) route (1 RbIMLD50) was found to be equal to 200 mouse
intraperitoneal LD50 (MsIPLD50)/kg. Rabbits were then exposed to 2 RbIMLD50 (400
MsIPLD50/kg), and spirometry was monitored. To determine the earliest clinical symptom, the three spirometry parameters for all tested rabbits were scored according to
the TTS, i.e., the time postexposure at which a statistically signiﬁcant deviation from the
predeﬁned limit (before intoxication) occurred. The earliest deviation was observed for
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FIG 2 Characterization of respiration physiology in intoxicated rabbits. Following exposure to 2 RbIMLD50,
respiration parameters were analyzed and tested for suitability to serve as clinical symptoms. (A) Time from
intoxication to a statistically signiﬁcant deviation from the mean value of each of the three parameters. For
each pair of parameters, means were compared by a t test. (B) The time to symptoms (TTS) was determined
for each rabbit (n ⫽ 9) based on the MV parameter. TPE, time postexposure. (C) Correlation between time
to death (TTD) and TTS for the MV symptom.

the MV parameter that presented the lowest relative standard deviation as well. Thus,
MV was chosen to become the leading clinical symptom (Fig. 2A). The correlation
between TTD and TTS was tested for the MV parameter and found to be positive and
statistically signiﬁcant (r ⫽ 0.65; P ⫽ 0.028) (Fig. 2C), practically meaning that rabbits
that presented the symptom earlier also succumbed to the toxin earlier. This result
implies that TTD can be predicted by TTS and that the deviation from normal MV values
could serve as a clinical symptom of botulism. Additionally, when rabbits were exposed
to 2 RbIMLD50, an aberrant MV could be observed at approximately the halfway point
of the disease time course, as the mean TTS was 18.1 ⫾ 2.9 h, and the mean TTD was
35.6 ⫾ 8.8 h (Fig. 2B).
Administration of antitoxin after the onset of respiratory symptoms fully
protects BoNT/E-intoxicated rabbits. To test the efﬁcacy of antitoxin in a clinically
relevant timeline, the MV was monitored before and after the administration of 2
RbIMLD50 of BoNT/E. Rabbits were treated with 30 IU/kg of anti-BoNT/E antitoxin
(antitoxin E) immediately after the onset of the MV symptom (Fig. 3).
Following antitoxin treatment, the MV continued to decline until pulmonary distress
could be observed even without spirometry. Nevertheless, the MV gradually declined to
normal values, and full respiration recovery was retained (Fig. 3). Antitoxin therapy
given immediately after MV symptom onset had an efﬁcacy of 100%, as all treated
rabbits survived. To the best of our knowledge, this is the ﬁrst demonstration of
complete protection of symptomatic animals intoxicated with BoNT/E.
To deﬁne the time window for treatment after symptom onset, antitoxin was
administered 2, 5, or 8 h after the manifestation of symptoms, and survival was
monitored (Fig. 4). When antitoxin treatment was given 2 h after MV symptom onset,
three out of four rabbits survived intoxication by 2 RbIMLD50 BoNT/E (Fig. 4). Interestingly, the one rabbit that succumbed to the toxin became symptomatic only 27 h after
toxin exposure while still presenting a normal TTD at 35 h, creating a signiﬁcant narrow
therapeutic time window compared to those of other rabbits that showed symptoms
at 18 h postexposure. Two out of three rabbits survived when antitoxin treatment was
further delayed and administered 5 h after the appearance of MV symptoms. However,
when treatment was administered 8 h after symptom onset, none of the exposed
animals survived.
After elucidating the time window for antitoxin treatment in rabbits exposed to
BoNT/E, we sought to explore how the protective dose of antitoxin is affected by the
toxin dose given at exposure. For this purpose, rabbits were injected with 5 RbIMLD50
and treated with either 30 IU/kg or 120 IU/kg of antitoxin immediately after MV
symptom onset (Fig. 5). As expected, TTS and TTD values for rabbits exposed to 5
RbIMLD50 were signiﬁcantly lower than those for rabbits intoxicated with 2 RbIMLD50
(Fig. 5A). However, while clinical symptoms appeared after ⬃50% of the disease course
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FIG 3 Antitoxin is fully protective when administered immediately after symptom onset. (Top) MV values were monitored
before and after exposure to 2 RbIMLD50 of BoNT/E with 30 IU/kg of antitoxin (left) or without antitoxin (control) (right).
UL, upper limit; LL, lower limit; M, mean. (Bottom) Inhalation proﬁle during the disease course, expressed as MV (liters per
minute) by time (seconds). For each time point, the MV value is indicated in a rectangle with a white background (normal)
or a gray background (symptomatic). TPE, time postexposure. Data are representative of results from at least 4 treated and
9 untreated control rabbits, collected in 4 independent experiments.

in rabbits exposed to 2 RbIMLD50 (TTS ⫽ 18.1 ⫾ 2.9 h; TTD ⫽ 35.6 ⫾ 8.8 h), with
exposure to 5 RbIMLD50, clinical symptoms appeared only after ⬎60% of the disease
course (TTS ⫽ 11.8 ⫾ 1.3 h; TTD ⫽ 19 ⫾ 3.3 h). Indeed, when antitoxin was administered immediately after symptom onset and in a dosage similar to that in the former
experiments (30 IU/kg), no survival was observed for rabbits exposed to 5 RbIMLD50.
However, increasing the antitoxin dose 4-fold to 120 IU/kg led to 40% survival, as two
April 2018 Volume 62 Issue 4 e02379-17
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FIG 4 Efﬁcacy of delayed antitoxin treatment following symptom onset. Rabbits were intoxicated with
2 RbIMLD50 of BoNT/E and treated with 30 IU/kg of antitoxin at different time points following the onset
of the MV clinical symptom: immediately (0 h) and 2, 5, and 8 h after symptom onset. Each plotted
symbol refers to an individual animal.
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out of ﬁve rabbits survived (Fig. 5B). The effect of antitoxin treatment on rabbits that
did not survive was analyzed, and the results showed that the TTD was not delayed for
nonsurviving rabbits treated with either 30 IU/kg or 120 IU/kg (Fig. 5C).
DISCUSSION
Antitoxin administration is the only approved therapy available to treat botulism.
However, due to the concern of potential adverse effects associated with its equine
source and immunogenic nature, antitoxin is given only to symptomatic patients.
To fully study and appreciate the pharmacodynamics and pharmacokinetics of
botulinum antitoxin and to evaluate the time window for treatment after the onset of
botulism symptoms, it is mandatory to use symptomatic animal models. However,
identifying and quantitating relevant systemic clinical symptoms for which the therapeutic time window could be referred to are major challenges in developing such
models. While human patients report early botulism symptoms such as blurred vision,
dry mouth, and diplopia or just odd feelings long before the appearance of observed
signs such as ptosis and difﬁculty speaking (19), animals, especially rodents, do not
present such facial symptoms and obviously cannot report their situation. As a consequence, the use of antitoxin in animal studies has been related mostly to time
postintoxication, whereas data regarding treatment after the onset of symptoms have
been collected only post factum (20–32). To the best of our knowledge, only a few
attempts to directly measure postsymptom antitoxin efﬁcacy were reported, mostly for
BoNT/A-intoxicated nonhuman primates (14, 39–42). In those studies, as in all other
animal models reported thus far, symptoms were based on subjective observations,
and therefore, their onset might not be witnessed precisely and may vary substantially
among different studies. Subjective impressions and elusive early symptoms make it
difﬁcult to establish a meaningful model for symptomatic animals. For these reasons,

FIG 5 Antitoxin treatment efﬁcacy is dependent on toxin and antitoxin doses. (A) Rabbits were exposed to
either 2 or 5 RbIMLD50 of BoNT/E without antitoxin treatment, and the TTS and TTD were then monitored
and compared. (B) Rabbits were exposed to either 2 or 5 RbIMLD50 of BoNT/E and treated with either 30
or 120 IU/kg of antitoxin immediately after symptom onset. Protection levels among the different toxin and
antitoxin combinations were compared. (C) Inﬂuence of antitoxin dose on TTD. Each plotted symbol refers
to data for an individual animal.
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reliable data to establish postsymptom antitoxin efﬁcacy, such as dosage and timing,
still need further elucidation (14, 17, 43); hence, the prognosis for successful antitoxin
treatment for symptomatic patients with botulism is unclear.
In this study, we used spirometry as an accurate, unambiguous, quantitative, and
objective means to detect early symptoms of botulism in rabbits. Deviation from the
normal MV following BoNT/E intoxication was the earliest symptom to be measured
among other spirometry-related parameters, and individual preexposure respiration
data showed high repeatability with a relative standard deviation (RSD) as low as 10%.
Thus, the postintoxication MV decline was selected to serve as a clinical symptom, i.e.,
the MV symptom. The ability to accurately quantify it by a spirometer, together with the
positive and statistically signiﬁcant correlation (Fig. 2C) between the TTS and TTD and
its systemic nature, qualiﬁed the MV symptom to become a reliable clinical symptom
of botulism. In this regard, it is important to note that impaired respiration is a
fundamental symptom of human botulism regardless of the exposure route.
The MV symptom in our rabbit model allowed us to expand the time window for
treatment by detecting a statistically signiﬁcant deviation from normal respiration long
before (8 to 10 h on average) any visible signs could be observed. The use of an
impaired MV as an early symptom of rabbit botulism may seem surprising, as respiratory distress in human botulism cases is considered a late clinical symptom. However,
in our rabbit model, the MV symptom preceded all other signs of botulism. One
explanation for this phenomenon could involve the high-resolution monitoring of
intoxicated rabbits using MV measurements, which allows the uncovering of subtle
changes in air consumption while pulmonary distress is yet to be noticed, as opposed
to human cases, for which spirometry is not used prior to the progression of dyspnea.
One can speculate that if the mean MV value of a healthy human individual was
recorded in advance, it might have been possible to notice decrease in the MV much
earlier after exposure to the toxin, but this is not a realistic scenario.
The ability to demonstrate postsymptom protection from BoNT/E intoxication is
especially important, taking into account the signiﬁcantly earlier and faster toxicity that
it presents compared to the two other serotypes that are common in human botulism,
i.e., serotypes A and B (36). Indeed, recent results obtained by using the spirometry
system in BoNT/A-intoxicated rabbits conﬁrmed that even at 4 RbIMLD50, the TTD and
TTS appeared far later than after exposure to 2 RbIMLD50 of BoNT/E (A. Torgeman, A.
Schwartz, E. Diamant, Z. Baruchi, E. Dor, A. Ben David, A. Pass, A. Barnea, A. Tal, A.
Rosner, O. Rosen, and R. Zichel, unpublished data). Thus, the demonstration of efﬁcient
postsymptom antitoxin protection in rabbits exposed to BoNT/E may be considered
more challenging and serve as proof of the validity of the spirometry model.
In our model, rabbits that were treated with antitoxin following MV symptom onset
continued to deteriorate for another ⬃20 h until the MV declined to less than 50% of
normal values. Fully normal respiration performance could be measured as early as 20
to 120 h from the time of treatment. As with the kinetics of symptom onset, respiration
recovery preceded complete physical ﬁtness of the animals, suggesting that in rabbits
exposed to BoNT/E, spirometry is an adequate tool to detect early symptoms that are
also the earliest to resolve. The relatively fast recovery of rabbits in the present study
is in line with other works. In an antitoxin protection mouse model, Cheng et al.
reported that animals that had been treated with antitoxin following exposure to
hundreds of LD50 of BoNT/A and that survived the challenge recovered in a few days
(28). In human cases where large amounts of toxin are consumed, recovery from
botulism may take weeks or even months. In such cases, artiﬁcial respiration is expected
to keep the patient alive, and slow recovery results from the signiﬁcant amount of toxin
that has already penetrated the neurons. In contrast to human botulism, most animal
models cannot involve mechanical ventilation. Antitoxin neutralizes some of the toxin
in the bloodstream, thereby converting it into a sublethal amount. Consequently,
animals treated with antitoxin can recover faster than human patients.
When the toxin exposure dose was increased from 2 RbIMLD50 to 5 RbIMLD50,
postsymptom antitoxin efﬁcacy dropped from 100% to 0% protection. A similar pheaac.asm.org 7

Diamant et al.

Antimicrobial Agents and Chemotherapy

Downloaded from http://aac.asm.org/ on March 3, 2021 by guest

nomenon was described previously by Ono and colleagues, who compared the efﬁcacies of antitoxin administered at various time points after oral exposure to BoNT/E (25).
In that study, rabbits exposed to 3.6 RbIMLD50 did not survive treatment with 840 IU
antitoxin administered at 2 h postintoxication, whereas rabbits exposed to 1.8
RbIMLD50 and treated at the same time fully survived. It should be noted that in that
study, TTDs were shorter than those in the present work. However, such differences
could be attributed to the different route of toxin administration, especially as BoNT/E
has been shown to go through further activation when administered orally (44–46).
Increasing the antitoxin dose administered to rabbits exposed to 5 RbIMLD50 in our
study from 30 IU/kg to 120 IU/kg led to improved efﬁcacy (0/3 versus 2/5 surviving
animals, respectively). Enhanced protection by increased antitoxin doses was also
documented in animal studies where treatment was evaluated by time postexposure.
Ono et al. demonstrated that a 10-fold increment of the antitoxin dose administered 5 h
after exposure to rabbits intoxicated orally with BoNT/E (1.8 RbIMLD50) postponed the
time to death in some of the animals. In those same studies, attempts to protect rabbits
(and monkeys) after the onset of symptoms were generally unsuccessful. In a recent
publication presenting a countermeasure against inhalational botulism, a controlled
antitoxin efﬁcacy evaluation was described. Rhesus monkeys were treated with increasing doses of antitoxin either 24 h after inhalational exposure to BoNT/A (before
symptoms could be observed) or at the time of ﬁrst symptoms. Almost all animals
treated at 24 h postexposure (14 IU/kg antitoxin or higher) survived, whereas even a
30-fold-higher antitoxin dose failed to confer any protection when administered at the
ﬁrst signs of disease (39). However, in another recent rhesus macaque study, different
results were obtained, as treatment with HBAT after the onset of clinical signs following
intravenous exposure to BoNT/A (1.7 LD50) conferred partial protection (46% survival)
(42).
Interestingly, in our study, an increased antitoxin dose did not lead to a delayed TTD
in nonsurviving rabbits. This implies that a lethal amount of toxin had already penetrated target cells at the time of antitoxin treatment, and thus, neutralization was not
possible. Alternatively, it could also imply that the antitoxin dose injected into these
rabbits was insufﬁcient to block the entire amount of circulating toxin and, hence,
could not prevent or slow the critical lethal toxin dose from entering neural cells. Both
explanations highlight the importance of intensive respiratory care in addition to
antitoxin treatment and emphasize the need for new drugs that block the toxin
intracellularly and/or restore neurotransmission.
The spirometry model described here is the ﬁrst animal model shown to simulate
successful antitoxin treatment of botulism after the onset of objective and quantitative
clinical symptoms. Hence, our rabbit model can be used to evaluate the efﬁcacy of
antitoxin preparations in a relevant therapeutic timeline. Moreover, the rabbit spirometry model can also be used to test the potency of new-generation anti-BoNT drugs,
including those that aim to act intracellularly at stages where the toxin is no longer
available for antitoxin. The therapeutic effect of such new-generation drugs can be
evaluated either alone at a time when antitoxin is not effective or in combination with
antitoxin for its potential effect of increasing antitoxin efﬁcacy.
MATERIALS AND METHODS
Ethics statement. All animal experiments were performed in accordance with Israeli law and were
approved by the Ethics Committee for animal experiments at the Israel Institute for Biological Research
(protocol number RB-26-2010). All efforts were made to minimize suffering.
Bacteria and toxins. The Clostridium botulinum E strain was obtained from the IIBR collection (E450).
Sequence analysis revealed the compliance of the neurotoxin gene with the serotype of NCTC11219
(GenBank accession number X62683) for Clostridium botulinum subtype E botulinum (47).
The Clostridium botulinum E toxin complex (consisting of the neurotoxin and the nontoxic nonhemagglutinin fractions) was prepared from the concentrated supernatant of cultures grown for 6 days in
anaerobic culture tubes. Botulinum E was used in its activated form throughout the study. Activation was
performed by treatment with 0.1% (wt/vol) trypsin (37°C for 1 h). Toxin activity was calibrated by a
standard mouse bioassay. All work was done in a biosafety level 2 (BSL2) laboratory under appropriate
biosafety procedures.
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