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Abstract: Antitoxin, the only licensed drug therapy for botulism, neutralizes circulating botulinum
neurotoxin (BoNT). However, antitoxin is no longer effective when a critical amount of BoNT has
already entered its target nerve cells. The outcome is a chronic phase of botulism that is character-
ized by prolonged paralysis. In this stage, blocking toxin activity within cells by next-generation
intraneuronal anti-botulinum drugs (INABDs) may shorten the chronic phase of the disease and
accelerate recovery. However, there is a lack of adequate animal models that simulate the chronic
phase of botulism for evaluating the efficacy of INABDs. Herein, we report the development of a
rabbit model for the chronic phase of botulism, induced by intoxication with a sublethal dose of BoNT.
Spirometry monitoring enabled us to detect deviations from normal respiration and to quantitatively
define the time to symptom onset and disease duration. A 0.85 rabbit intramuscular median lethal
dose of BoONT/A elicited the most consistent and prolonged disease duration (mean = 11.8 days,
relative standard deviation = 27.9%) that still enabled spontaneous recovery. Post-exposure treatment
with antitoxin at various time points significantly shortened the disease duration, providing a proof
of concept that the new model is adequate for evaluating novel therapeutics for botulism.

Keywords: botulinum; chronic; sublethal; antitoxin; animal model

Key Contribution: A rabbit model for the chronic phase of botulism was developed to evaluate the
efficacy of anti-BoNT compounds intended to shorten the disease duration. Spirometry was used to
define an objective and quantitative human-related clinical symptom of botulism and to determine
the time to symptom onset and disease duration.

1. Introduction

Botulinum neurotoxins (BoNTs), produced by Clostridium botulinum strains, are the
most potent toxins in nature, with an estimated human median lethal dose (HLDsp) of
1 ng/kg body weight [1,2]. There are at least seven serotypes of BoNTs (A-G), of which
serotypes A, B, E, and rarely F are responsible for most cases of human botulism [3].
Botulinum toxins are synthesized as large protein complexes, consisting of a neuro-
toxin, nontoxic nonhemaglutinin (NTNH), and in some serotypes nontoxic hemaglutinins
(HA) [4]. The active form of the neurotoxin consists of 100 (heavy chain) and 50 (light chain)
kDa polypeptide chains, which are joined by a disulfide bridge [5]. The C-terminal half
(~50 kDa) of the heavy chain (Hc) is the receptor binding domain, while the N-terminal
half (Hn) is the translocation domain of the neurotoxin. The catalytic domain is a zinc-
endopeptidase confined to the light chain (LC) [6].

BoNTs exert their action on the cholinergic system at presynaptic motor-neuron
terminals by cleaving SNARE proteins, thus blocking acetylcholine transmission across
neuromuscular junctions. As a result, symmetrical descending flaccid paralysis occurs,
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affecting the cranial nerves and eventually the diaphragm and accessory breathing mus-
cles [7]. Widespread outbreaks of food-borne botulism might have severe implications,
since patients without adequate treatment may die [8-10]. In addition, due to their extreme
potency, BoNTs are classified as category A biothreat agents [11].

Currently, the only licensed drug therapy for botulism is an immunoglobulin-based
antitoxin, which mostly neutralizes circulating BONT molecules that have not yet entered
neurons [12]. Therefore, at a certain time point, after a critical amount of BONT molecules
are already within neurons, the efficacy of the antitoxin treatment dramatically declines.
Indeed, data from studies conducted on animals and from human clinical cases support
the notion that there is a critical “therapeutic time window” for effective antitoxin treat-
ment [8,13-17]. In cases where antitoxin is no longer effective, hospitalization under
supportive intensive care and mechanical ventilation may be required. This clinical condi-
tion, here termed the “chronic” phase of botulism, is characterized by prolonged paralysis
and breathing difficulties that may last for weeks and even months until complete recov-
ery is achieved [18]. In the chronic phase, when antitoxin is irrelevant, next-generation
intraneuronal anti-botulinum drugs (INABDs) designed to block the LC inside the cells
are required. Such therapeutics may halt the progression of intoxication and accelerate the
recovery of paralyzed muscles.

The vast majority of animal models of botulism are based on exposure to lethal toxin
doses, resulting in an acute fatal disease characterized by a rapid deterioration within
hours or a few days, depending on the toxin dose and serotype. Consequently, they may
lack the appropriate resolution and sensitivity required to test the efficacy of potential
INABD:s that are intended to act during the chronic phase of the disease. Therefore, as an
alternative to lethal models, we reasoned that intoxication with a sublethal amount of
BoNT would generate prolonged disease, reflecting the chronic phase of botulism. This
new approach may be more appropriate for the evaluation of INABDs that can potentially
accelerate recovery.

The development of an animal model for the chronic phase of botulism needs to rely
on the onset of, and recovery from, defined clinical symptoms. To achieve this requirement,
it is essential to establish an objective and quantitative botulism symptom parameter. In
this respect, we recently reported the development of a spirometry-based rabbit model of
botulism and used it to evaluate antitoxin efficacy after the manifestation of respiratory
symptoms in animals exposed to lethal doses of BONT/A, BoNT/B, and BoNT/E [19,20]. In
this model, a relevant respiratory symptom was established, based on the measurement of
minute volume (MV) (the volume of air inhaled per minute). To the best of our knowledge,
this spirometry model is the first animal model able to simulate a beneficial antitoxin
treatment after the onset of objective and quantitative clinical symptoms of botulism.
Importantly, the model exhibits a high correlation with human botulism, both in terms of
the pathophysiology of the disease, and in the differential serotypic pattern of antitoxin
treatment efficacy. These observations prompted us in the present study to apply rabbit
spirometry principles for the development of a novel model of chronic botulism and
spontaneous recovery.

2. Results
2.1. Determining the Optimal Sublethal BONT/A Dose to Induce Chronic Botulism

In our previous studies, respiration distress, reflected by the MV parameter, following
lethal exposure to BoNT types A, B, and E, was used to quantify early symptoms of acute
botulism and served as a trigger for treatment [19,20]. The goal of the current study was to
use the MV parameter to establish a model of the chronic phase of type A botulism. To this
end, respiratory deviations were measured subsequently to intoxication with 0.5, 0.65, 0.75,
and 0.85 intramuscular rabbit LDgy (RbIMLDs5() of BONT/A. Normal MV values, obtained
individually by daily measurements prior to intoxication, were used to determine the
lower and upper confidence limits. Following intoxication, animals reaching MV values
below their lower confidence limit were considered symptomatic [19,20]. The frequency of
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symptomatic rabbits in each dosing group was increased in a dose-dependent manner: 50%,
75%, and 80% with toxin doses of 0.5, 0.65, and 0.75 RbIMLDs, respectively (Table 1). One
hundred percent of the rabbits became symptomatic only in the 0.85 RbIMLDs5( exposed
group (Table 1). Notably, all of the rabbits survived when administered 0.85 RbIMLDs,
despite its proximity to a lethal exposure dose. The intoxication with 0.85 RbIMLDs5q
elicited the most consistent and prolonged symptomatic phase, which lasted ~12 days on
average, from symptom onset until spontaneous recovery (Figure 1). Therefore, the dose
of 0.85 RbIMLDsj of BONT/ A was selected to induce chronic botulism. Evidently, these
observations emphasize the importance of the fine-tuning process needed to determine the
exact sublethal dose for establishing this model.

Table 1. Respiratory symptom onset in intoxicated rabbits after exposure to different BONT/A doses.

?I?STM/IEDDO)S f % Symptomatic Rabbits (n)
50

0.5 50 (2)

0.65 75 (4)

0.75 80 (5)

0.85 100 (13)

! Rabbits were exposed to the indicated doses of BONT/A, and respiratory symptoms were determined for each
rabbit based on the MV parameter.
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Figure 1. Respiration profile of a rabbit exposed to a sublethal dose of BONT/A. Representative MV
data, as a function of time post-exposure from a rabbit exposed to 0.85 RbIMLDsj of BONT/A. The
mean MV (M) of normal breathing is denoted by a dashed line. The upper (UL) and lower (LL)
confidence limits (mean + 2 x SD) are represented by dotted lines. The zero time indicates the time
of toxin administration. The highlighted area represents the disease duration between the TTS and
the TTR (left and right vertical lines, respectively).

2.2. Characterization of the Chronic Phase of Botulism Induced by a Sublethal Dose of BONT/A

Spirometry data (MV values) of each of the thirteen rabbits exposed to a BONT/A
sublethal dose of 0.85 RbIMLDsy were further analyzed to characterize the spirometry
profile and define the quantitative disease parameters (Figure 1). The parameters included
the individual time to symptoms (TTS) and time to recovery (TTR), and the difference
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between them was referred to as the disease duration, i.e., the symptomatic chronic phase.
TTS was defined as the time post-exposure at which a statistically significant deviation
(mean MV minus 2 x standard deviation (SD)) from the pre-exposure limit had occurred.

The individual TTS values were highly reproducible, with a mean of 3.8 days and
a relative standard deviation (RSD) of 10.8% (Figure 2a). This parameter can allow us
to assess the beneficial effects of anti-BoNT compounds either by the delay in symptom
onset or by the complete prevention of symptom manifestation. The individual TTR values
(spontaneous recovery without treatment) were also consistent, with a mean of 15.5 days
and an RSD of 21.9% (Figure 2a). Accordingly, the mean disease duration was determined
(11.8 days, RSD = 27.9%, Figure 2b). This relatively prolonged symptomatic phase may
enable a reliable assessment of the efficacy of anti-BoNT/A compounds during the chronic
phase of botulinum intoxication.
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Figure 2. Analysis of the chronic phase of botulism following sublethal intoxication. Rabbits (1 = 13)
were exposed to 0.85 RbIMLDsj of BONT/ A, and the MV values were obtained by daily spirometry
monitoring. (a) TTS and TTR were individually determined based on the MV parameter. (b) Disease
duration of each rabbit was calculated by subtracting its respective TTS from TTR. The dashed line
denotes the mean disease duration.

2.3. Qualification of the Model Using Botulinum Antitoxin

Pharmaceutical antitoxin was used as a means to validate the chronic model by testing
its beneficial effects with respect to TTS and the disease duration. To this end, twelve rabbits
were exposed to 0.85 RbIMLDs5j of BONT/A and divided into four groups (n = 3), treated
with 215 IU/kg of antitoxin at different time points post-exposure: (1) 40 h, (2) 72 h, (3) 96 h,
and (4) control (phosphate buffered saline) (Figure 3a). Of note, the three rabbits in the 96-h
treatment group received antitoxin immediately after respiratory symptoms manifested.
The TTS and disease duration for the control rabbits were 4.5 and 10.7 days, respectively
(Figure 3b,c). Importantly, two out of three rabbits in the earliest (40 h) post-exposure
group were completely nonsymptomatic, while the third rabbit had a TTS of 4.5 days and a
disease duration of 0.5 days (the mean disease duration of this group was 0.17 days). Thus,
the beneficial effect of antitoxin treatment at 40 h post-exposure eliminated symptom onset
or significantly shortened the disease duration. An identical TTS (4.5 days) was obtained
in the 72-h and 96-h groups, and their mean disease duration was significantly shortened
to 1.2 and 0.7 days, respectively. The reproducibility of the TTS data, together with the
demonstration of antitoxin efficacy, substantiates the applicability of this system to serve
as a model of chronic botulism for testing new anti-BoNT/A drug candidates.
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Figure 3. Postintoxication treatment with antitoxin shortens the disease duration. Rabbits (1 = 12) were exposed to 0.85
RbIMLDs, of BONT /A without (black, n = 3) and with antitoxin treatment (215 IU/kg) either 40 h (blue, n = 3), 72 h (green,
n = 3), or 96 h (orange, n = 3) after intoxication, and the TTS and disease duration were then determined and compared.
(a) Inhalation profile during the disease course of the control and the antitoxin-treated rabbits (respiration was monitored
daily). The dashed line represents the baseline normalized mean MV value, expressed as the fold change relative to the
mean MV. (b) TTS was determined for each rabbit based on the decreased MV parameter. Each square refers to an individual
animal. (¢) Mean disease duration values of the antitoxin-treated rabbits at various time points.

3. Discussion

INABD:s have the potential to provide a useful treatment during the chronic phase
of botulism, when antitoxin is ineffective. However, most of the current animal models
available for botulism are based on the induction of short-term, acute botulism by lethal
intoxication and thus cannot be used for testing INABDs in the chronic phase of the disease.
Moreover, intoxication with lethal doses may pose an extreme challenge for a potentially
effective INABD. Moderate intoxication may provide a sensitive model that will allow for
the detection of a beneficial therapeutic effect from INABDs. Therefore, animal models in
which a chronic phase of botulism is induced are required.

To date, only a few attempts have been made to develop models for chronic bo-
tulism [16,21]. Analogous to severe cases of human botulism, simulating the chronic phase
of the disease in animals can theoretically be achieved by extending the survival of intoxi-
cated animals by mechanical ventilation following lethal exposure to BONT. However, this
approach is highly challenging to conduct. Alternatively, a chronic phase can be directly in-
duced by intoxication with a sublethal amount of BoONT. Most recently, our research group
developed a running wheel system for detecting botulism symptoms in mice based on
voluntary running. Exposure to a sublethal dose of BONT/A (0.3 LDsp) induced a substan-
tial chronic phase (a disease duration of 16-18 days) [16]. In another recent study of mice
exposed to sublethal toxin doses, chronic botulism for BONT/A, BoNT/B, and BoNT/E was
developed based on digit abduction scores and moderate-to-severe abdominal paradoxical
breathing measurements [21].

In the current report, a model for the chronic phase of botulism was developed for
the first time in rabbits. In accordance with the Animal Rule of the U.S. Food and Drug
Administration [22], the development of a rabbit model expands the evaluation toolkit
of botulism therapeutics. Notably, rabbits are the third most commonly used species for
experimental research in the European Union [23]. Moreover, rabbits are larger than mice,
and it is easier to apply various procedures, such as blood sampling and intravenous
administration of drugs, to rabbits than to mice [24]. Rabbits are phylogenetically closer to
humans than rodents, and due to their anatomical, physiological, genetic, and biochemical
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similarities to humans, rabbits are used as animal models for human diseases in various
medical research fields [25,26].

The model described in the current work relies on the definition of an objective and
quantitative human-related clinical symptom of botulism in rabbits, expressed as the
deviation from normal MV values following sublethal intoxication with 0.85 RbIMLDs.
Measuring this clinical symptom allows for the exact determination of two fundamental
characteristics of the disease: TTS and disease duration. The induced disease is character-
ized by a prolonged symptomatic period that is followed by spontaneous recovery.

To date, only a few publications have shown beneficial treatment of botulism with
experimental INABDs [21,27-34]. Due to the absence of approved INABDs, the proof
of concept of our model, in terms of measuring the beneficial effects of potential anti-
BoNT/A compounds, was assessed by pharmaceutical antitoxin. In all rabbits exposed to
a sublethal dose of BONT/ A, treatment with antitoxin 40 h, 72 h, and 96 h (the last being
immediately administered after symptom onset) after toxin exposure either completely
prevented respiratory symptoms or significantly shortened the symptomatic phase of
botulism compared to the control groups. Interestingly, TTS was not delayed among
symptomatic rabbits that were treated 40 h and 72 h post-exposure. Collectively, these
results validate the new model as a reproducible platform for testing the efficacy of anti-
botulinum drugs in halting disease progression during the chronic phase.

Additionally, the data can give various insights into the neutralizing mechanism of
the circulating toxin by antitoxin. Evidently, two out of three rabbits did not become
symptomatic when treated 40 h post-exposure, while symptoms were detected in all
animals treated 72 h post-exposure. This implies that at a certain time point, between
40 h and 72 h post-exposure, sufficient intracellular toxin has accumulated to generate
respiratory symptoms. Notably, the observation that the TTS was not delayed in the
antitoxin-treated rabbits may indicate that the innervation of the breathing muscles had
already been affected before this time by the amount of toxin that was present intracellularly.
A reasonable explanation for the shortening of the disease duration could be related to the
neutralization of unbound toxin in the blood. Accordingly, although circulating antitoxin
is incapable of neutralizing intracellular toxin, it can prevent the escalation of the disease
by neutralizing the residual circulating toxin that would otherwise intoxicate more target
cells.

An important aspect of some INABDs, such as small molecule inhibitors, and which
can affect the outcome, is their poor pharmacokinetics, as compared to antitoxin [30,35-39].
Hence, either continuous infusion or multiple administrations of the drug may be required
to achieve full effectiveness. Of note, repeated administrations and well-established means
for the continuous infusion of drugs are prevalent in the clinic. Therefore, it is important
to also be able to apply a similar continuous infusion of drugs in animal models. In this
respect, we recently developed a new model of prolonged continuous IV infusion in free-
roaming rabbits by simple catheterization of a peripherally inserted central catheter (PICC)
from the marginal ear vein to the superior vena cava and by using carried minipumps [40].
The combination of the PICC-based infusion model with the chronic botulism model
described in the current study can facilitate the evaluation of potential intracellular BONT
inhibitors.

In summary, a new rabbit model of chronic botulism and spontaneous recovery, based
on respiratory symptoms, was developed. This model allowed us to demonstrate the
prevention of symptom onset and the shortening of disease duration by a well-known
effective drug. This model can be used as a platform to test other potential anti-BoNT
compounds, especially in the late stages of the disease when antitoxin is no longer effective.

4. Materials and Methods
4.1. Rabbits

Healthy New Zealand White rabbits, provided by Charles River (Lyon, France),
were used in this study. All rabbits were females weighing between 2.5 and 3.5 kg. All
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experiments were approved by the Israel Institute for Biological Research (IIBR) Animal
Care and Use Committee (Ness Ziona, Israel) and were conducted in accordance with the
guidelines for the care and use of laboratory animals published by the Israeli Ministry of
Health (protocols # RB-11-14 and RB-21-15). All efforts were made to minimize animal
suffering. All animals were observed for morbidity and mortality, overt signs of toxicity,
and any signs of distress throughout the study.

4.2. Bacteria and Toxins

Clostridium botulinum type A was obtained from the Israel Institute for Biological
Research (IIBR) collection (A198) (Ness Ziona, Israel). A sequence analysis revealed com-
pliance of the neurotoxin genes with serotypes 62A (GenBank accession number M30196)
of C. botulinum type Al [41,42]. The toxin complex was prepared from a concentrated su-
pernatant of cultures grown for 6 days in anaerobic conditions. The toxin stock was kept in
50 mM citrate buffer (pH 5.5) at —70 °C. Toxin potency was determined by mouse lethality
assay, as previously described [21]. A dose of 1 RbIMLDs5j was found to be equivalent to
4 mouse intraperitoneal LDs per kg [21].

4.3. Antitoxin

Hyperimmune plasma was collected from horses immunized with a toxoid prepara-
tion that was obtained by dialyzing the toxin complex against 0.14% formalin at 35 °C for
2 weeks [43]. The fragment crystallizable (Fc) region was removed by pepsin digestion [44],
and the neutralizing activity of the purified F(ab’)2 antitoxin was determined according to
the European Pharmacopeia [45]. In summary, serial 1.2-fold dilutions of each antitoxin
preparation were prepared. Simultaneously, a standard antitoxin preparation (calibrated
according to the World Health Organization international standard antitoxin) was diluted
to final concentrations of 0.08, 0.10, 0.12, and 0.14 IU/mL. All antitoxin dilutions were then
mixed with a fixed toxin test dose, and the mixtures were incubated for 1 h at 25 °C. One
milliliter per mouse of each mixture was injected intraperitoneally into four CD-1 mice
(Charles River, Margate, Kent, UK), and survival was monitored for 4 days. The antitoxin
potency was calculated based on the lowest dilution of antitoxin that failed to protect the
animals, as compared with that of the standard antitoxin.

4.4. Spirometry

The computer-controlled spirometry system has been previously described [19,20]. A
thermal mass flowmeter (model 4100, TSI Inc., Shoreview, MN, USA) was connected to a
snout-only mask via the inhalation port of the valve. During measurements, the nonanes-
thetized rabbits respired freely. Inhalation data were collected at 20 ms intervals (500 data
points in 10 s). MV values were analyzed using Microsoft Excel (2013). At least 12 inde-
pendent measurements, collected individually over 12 days before toxin exposure, were
used to calculate the mean and standard deviation (SD) of the MV values for each rabbit.
Confidence limits were determined as the mean +2 x SD [19]. Values below the lower limit
in the BoNT-exposed rabbits were attributed to breathing distress owing to intoxication
and thus were considered clinical symptoms of botulism.

4.5. Antitoxin Efficacy Studies

Following acclimation and individual calculation of the MV-based confidence limit,
the rabbits were sublethally intoxicated by injection of 0.5 mL of the indicated BoONT/A
dose in gelatin-phosphate buffer (50 mM Na-phosphate, 0.2% gelatin, pH 6.5) into the
quadriceps musculature of the hindlimb. Rabbit spirometry was monitored daily post-
intoxication. Antitoxin was intravenously (IV) administered to rabbits at the indicated time
post-exposure. The antitoxin dose was equivalent in body weight to the human indicated
dose (215 IU/kg). All experiments included rabbits that served as a negative control (toxin
only). Recovery was defined either as the time point at which the MV values entered the
confidence limit and remained between the limits for the rest of the measurements or when
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the MV values exceeded 90% of the lower limit of confidence, while the relative standard
deviation (RSD) of four successive measurements (including the one from the first criterion)
remained at less than 20%.
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