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ABSTRACT Antitoxin is currently the only approved therapy for botulinum intoxica-
tions. The efficacy of antitoxin preparations is evaluated in animals. However, while
in practice antitoxin is administered to patients only after symptom onset, in most
animal studies, it is tested in relation to time postintoxication. This may be attributed
to difficulties in quantitating early botulism symptoms in animals. In the current
study, a novel system based on high-resolution monitoring of mouse activity on a
running wheel was developed to allow evaluation of postsymptom antitoxin efficacy.
The system enables automatic and remote monitoring of 48 mice simultaneously.
Based on the nocturnal activity patterns of individual naive mice, two criteria were
defined as the onset of symptoms. Postsymptom treatment with a human-normal-
ized dose of antitoxin was fully protective in mice exposed to 4 50% lethal doses
(LD50s) of botulinum neurotoxin serotype A (BoNT/A) and BoNT/B. Moreover, for the
first time, a high protection rate was obtained in mice treated postsymptomatically,
following a challenge with BoNT/E, the fastest-acting BoNT. The running wheel sys-
tem was further modified to develop a mouse model for the evaluation of next-gen-
eration therapeutics for progressive botulism at time points where antitoxin is not
effective. Exposure of mice to 0.3 LD50 of BoNT/A resulted in long-lasting paralysis
and a reduction in running activity for 16 to 18 days. Antitoxin treatment was no
longer effective when administered 72 h postintoxication, defining the time window
to evaluate next-generation therapeutics. Altogether, the running wheel systems pre-
sented herein offer quantitative means to evaluate the efficacy of current and future
antibotulinum drugs.
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Botulinum neurotoxins (BoNTs), produced by the anaerobic bacterium Clostridium
botulinum, are the most potent toxins known in nature, with an estimated human

50% lethal dose (HLD50) of 1 ng/kg of body weight (1). There are eight different BoNT
serotypes, of which types A (BoNT/A), B, E, and rarely F are responsible for most cases
of human botulism (2). BoNTs block acetylcholine transmission across neuromuscular
junctions and cause peripheral flaccid muscle paralysis that eventually may end in re-
spiratory failure and possible death if not treated (3, 4). Widespread outbreaks of food-
borne botulism might involve dozens of infected people (5–7). In addition, due to their
extreme potency, BoNTs are classified as category A biothreat agents (8).

Postsymptomatic administration of botulinum antitoxin is currently the only
approved therapy for botulism (9). In severe cases, intensive supportive care by means
of mechanical ventilation is required, which may pose a significant concern for health
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authorities. Antitoxin consists of polyclonal antibodies purified from vaccinated horses.
These preparations are labeled to be injected only after manifestation of clear botulism
symptoms due to safety issues concerning the high load of foreign protein adminis-
tered. In the United States, a human-derived antitoxin with a much safer profile is avail-
able for infant botulism (Baby BIG) (10). In a paradoxical manner, the time window for
antitoxin treatment is limited not only by the earliest time but also by the latest time it
can be administered. This is due to the mechanism of neutralization, in which antibod-
ies encounter only BoNTs found in circulation and cannot follow the toxin into nerve
cells (11). Notably, while antitoxin is administered to patients only after symptom
onset, its efficacy evaluation in animal studies has been mostly related to time postin-
toxication regardless of symptoms (12–18).

The main reason for testing antitoxin efficacy in a time-dependent manner rather
than a symptom-dependent manner is the difficulty of identifying and quantifying rel-
evant clinical symptoms of botulism in animals at early stages of the disease. Human
patients report early botulism symptoms such as blurred vision, dry mouth, and diplo-
pia or just odd feelings long before the appearance of observed signs, such as ptosis
and difficulty speaking (19). Animals, especially rodents, however, do not present such
facial symptoms and obviously cannot report their situation. Furthermore, in the few
studies where attempts have been made to administer antitoxin after symptom onset,
the symptoms were based on subjective observations (20, 49), and therefore, their
onset may vary substantially among different studies.

Recently, we established a novel quantitative and objective rabbit model for the evalu-
ation of postsymptom antitoxin efficacy (PSAE). This model relies on spirometry detection
of early respiratory symptoms, which are also the most predominant symptom in human
botulism and are the leading cause of mortality (21, 22). The profile of antitoxin efficacy
observed in the rabbit spirometry model was highly correlated with that observed in
humans (23). Other reported quantitative botulinum models include the digit abduction
score (DAS) (24), rotarod (25), and complex wheel (26). However, these models are labor-
intensive, intrusive, and allow only low-resolution monitoring. To the best of our knowl-
edge, these models have not been applied to study postsymptom antitoxin efficacy.

The aim of the current study was to develop a mouse model for objective and
quantitative evaluation of the efficacy of antibotulism therapies using a voluntary run-
ning wheel system. The use of the voluntary running wheel to assess physical activity
in rodents is common, and the system is used to monitor behavioral and physical
changes that yield important information regarding drug treatment efficacy, disease
state, etc. (27, 28). We hypothesized that the voluntary nature of the running activity
may serve as a predictive tool for early detection of botulism that will precede visual
symptoms, such as difficulty breathing. The experimental system developed in the cur-
rent study relies on continuous high-resolution monitoring of individual mouse motor
activity. The system was set to allow real-time detection of objective and quantitative
symptoms from numerous animals in parallel and from remote locations without dis-
turbing the natural behavior of the mice. The system was used to demonstrate the
high efficacy of postsymptomatic antitoxin treatment. Additionally, the running wheel
system was further modified to allow evaluation of next-generation therapeutics for
late stages of botulism, where antitoxin is no longer effective. In this model, animals
are exposed to a sublethal dose of BoNTs, simulating the long-lasting spontaneous re-
covery that characterizes human botulism. Taken together, the novel models devel-
oped in this study provide tools for evaluating current and future therapeutics for the
different stages of botulism.

RESULTS
Development of quantitative tools for real-time detection of botulism symptoms.

The aim of the first part of the current study was to develop an experimental system
for evaluation of postsymptom antitoxin efficacy in mice challenged with a lethal dose
of BoNTs. As BoNTs target the neuromuscular junction and inhibit motor function, we
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chose to use mouse activity on a running wheel as the experimental system for detec-
tion of botulism symptoms.

Figure 1 presents basic characteristics of mouse activity on the running wheel. Mice
tended to run an individually characteristic distance per night that was kept constant
for at least 3 weeks (Fig. 1A) (averaged relative standard deviation [SD] of 12%).
Individual mouse activity was kept constant and stable, despite variance in the noctur-
nal running distances between different mice (Fig. 1B).

Following administration of a lethal dose of BoNT to mice, depending on toxin sero-
type and dose, death can occur within 24 to 48 h of exposure. Qualitative botulinum
symptoms, such as the wasp waist, begin at approximately 7.5 and 9.5 h from exposure
to 4 intramuscular (i.m.) LD50s of BoNT/A and -B, respectively (29). For mice exposed to
BoNT/E, wasp waist symptoms are observed in only some of the animals. The symptom
begins 5 to 7 h after intoxication, and postsymptom antitoxin treatment fails to protect
the animals, as death occurs after 10 h. Therefore, to develop a quantitative tool to
study postsymptom antitoxin efficacy in animals exposed to lethal doses of BoNTs,
high-resolution monitoring of activity is required. Figure 2 shows the nocturnal run-
ning activity of a mouse before (upper panel) and after (lower panel) intoxication with
4 i.m. LD50 of BoNT/A at high resolution (1-min resolution). Following toxin exposure, a
latent period was observed at the beginning of the night until 6 h from toxin exposure,
where the mouse activity was normal. At approximately 6 h after exposure, the toxin
began to affect mouse activity, as running speed gradually decelerated. Although run-
ning activity was still observed, the mouse could not maintain its characteristic running
pace (.20 m/min). This gradual decrease in activity lasted about an hour until com-
plete halt. It should be noted that injection of saline into the gastrocnemius muscle
did not affect mouse running.

The high-resolution activity profile presented in Fig. 2 allowed us to evaluate the
time of symptom onset only in retrospect. We wished to develop an online system that
would allow real-time symptom detection in multiple parallel cages and would be
defined by clear statistically based quantitative measures of deviation from individual
normal mouse activity. To this end, the normal activity of naive mice was individually
characterized at high resolution. Figure 3A shows the normal running activity of a sin-
gle representative mouse over three consecutive nights. A general common pattern of
nocturnal activity was presented. The mice tended to run at a constant pace through-
out most of each night. Every 10 to 40 min, the activity stopped for a few minutes of
rest and was restored afterwards to the typical mouse-specific pace. Occasionally, lon-
ger breaks in activity were observed (for example, at 05:00 on night 2), which appeared
mostly in the second half of the night. Based on the individual normal activity of each
mouse, a model of the predicted activity at any given time point throughout the night

FIG 1 Consistency of nocturnal mouse activity on the running wheel. (A) Representative activity profile of a
single mouse over 21 days. (The average running distance per night was 9.7 km, with an RSD of 10%.) Green
line, average distance per night; red line, average distance per night plus 2 standard deviations (SDs); blue line,
average distance per night 22 SD. (B) Averaged nocturnal running distance of 12 mice over 10 nights. Error
bars represent the standard error (SE) of the mean.
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was established. First, the high-resolution activity data, which are of a sawtooth pat-
tern, were transformed into a smoother parameter in which every minute value repre-
sents the total distance the mouse ran over the former 15 min (Fig. 3B). The predicted
activity of the mouse at any given moment was then calculated by averaging the dis-
tance the mouse ran over the former 15 min for at least three consecutive nights. This
average with its statistical confidence interval (62 standard deviations) represented
the predicted boundaries of the normal activity for any time point (Fig. 3C).

At the time points at which mice presented long breaks in activity in at least one of
the three reference nights (relative standard deviation [RSD] of .30% between the 3
nights), a predicted value was not generated by the model. To still be able to detect
symptoms of botulism at these points, a complementary parameter was defined, des-
ignated Vmax. This parameter relied on two fundamental observations collected from
dozens of healthy mice. First, each mouse ran at a typical relatively constant pace.
Second, in a healthy mouse, fatigue was reflected by a complete stop in running activ-
ity rather than in attenuation from its typical running pace. To calculate the Vmax pa-
rameter, the activity hours, from at least 3 nights, were divided into intervals of 15 min.
For each interval in which the mouse was active, the highest speed (per minute) was
recorded. Vmax was defined as the average of the highest speeds recorded over all
active 15-min intervals. According to the Vmax parameter, a symptom was defined by
two criteria: (i) the mouse was running, and (ii) a reduced running pace (at least 2 SDs
below its characteristic average maximal velocity) was observed.

Evaluation of the system with healthy mice showed that short deviations from the
parameters could occur spontaneously for short periods—more often in the first hour
of darkness. Hence, to avoid false-positive events, we defined the onset of botulism
symptoms as deviation in either of these parameters that persisted for at least 15 min.

To test the compatibility of the developed system as a means to detect early symp-
toms of botulism, mice were exposed i.m. to lethal doses of either BoNT/A, BoNT/B, or
BoNT/E, and the onset of botulism symptoms was determined (Table 1). The times to
symptom (TTS) were 6.76 0.9 and 8.36 1.3 h postexposure to 4 i.m. LD50s of BoNT/A
and BoNT/B, respectively. Symptom onsets in mice exposed to BoNT/E were detected
at 4.76 1.5 and 3.56 1.3 h postexposure to 2 and 4 i.m. LD50s of BoNT/E, respectively.
The order of symptom manifestation between the three BoNT serotypes was fully com-
patible with that reported in human cases of botulism, where serotype E is the fastest

FIG 2 Representative high-resolution monitoring of mouse running activity before (upper panel) and
after (lower panel) exposure to 4 i.m. LD50s of BoNT/A. The exposure time was 14:30.
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to affect and serotype B is the slowest-acting toxin of these three human clinically rele-
vant serotypes (30). Detection of symptom manifestation using the running wheel sys-
tem significantly preceded symptom onset, as reflected by the wasp waist symptom.
The serotypic orders of symptom onset were identical in both systems, confirming that
the new monitoring system is validated for the detection of botulinum symptoms and
for the evaluation of postsymptom antitoxin efficacy.

Evaluation of postsymptom antitoxin efficacy in mice exposed to a lethal dose
of BoNT/A, BoNT/B, or BoNT/E. To evaluate the efficacy of antitoxin following botu-
lism symptom onset by the running wheel system, mice were exposed to 4 i.m. LD50s
of botulinum neurotoxin A, B, or E, and running activity was monitored. Immediately
following symptom manifestation, mice were individually treated with a body-weight-
normalized human dose of botulinum antitoxin.

Postsymptom antitoxin treatment was fully protective in mice exposed to lethal
doses of type A and type B botulinum toxins (Table 2). Moreover, a high survival rate
of 88% was also achieved in mice exposed to 4 i.m. LD50s of BoNT/E and treated with

TABLE 1 Times to symptom detection for BoNT/A, BoNT/B, and BoNT/E using the running
wheel system

BoNT serotype Toxin dose (i.m. LD50) Avg TTS± SD (h) No. of mice No. of expts
A 4 6.76 0.9 59 5
B 4 8.36 1.3 21 2
E 4 3.56 1.3 32 2

2 4.76 1.5 44 3

FIG 3 A prediction model of individual mouse running activity. (A) Running speed of a naive mouse over three consecutive nights at a 1-min resolution.
(B) Accumulating 15 min of running distance. Data were calculated for each 1-min interval. (C) A model of the predicted activity at any given time point
throughout the night based on the three previous nights. Black line, average running distance over the former 15 min; blue and red lines, upper and lower
limits of the predicted activity, respectively. (D) The running pace of an individual naive mouse is between the borders of the Vmax parameter. Black line,
running pace of a naive mouse over 3 nights; green line, Vmax; blue and red lines, upper and lower limits of the Vmax parameter. A deviation of 15 min from
the lower limits of the predicted activity model or the Vmax parameter was defined as the onset of botulism symptoms.
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antitoxin after symptom onset. The survival rate was higher (96%) in mice exposed to a
reduced toxin dose of 2 i.m. LD50s BoNT/E. No survival was observed in any untreated
control group (n=4 per group).

A mouse model for evaluation of next-generation antibotulinum therapeutics.
The efficacy of antitoxin therapy is limited to a narrow time window postsymptom
manifestation, in which botulinum neurotoxins are still traveling in the bloodstream
(11). Following entrance of the toxin into target neural cells, immunoglobulin therapy
is no longer effective, and botulism patients require mechanical ventilation—often for
a prolonged period (31). Next-generation therapeutics for botulism are mainly
intended to address this chronic phase by restoring neuronal function via intracellular
neutralization of BoNT’s light chain (32, 33). Currently, no animal model is available for
evaluation of next-generation therapeutics that are effective at the chronic phase of
botulism. The time interval between symptom onset and death in mice exposed to a
lethal dose of BoNT is too short to enable potency evaluation of drugs intended to be
effective at the chronic phase. Mechanical ventilation that may extend survival is highly
challenging to conduct in animals, and the number of animals that can be ventilated is
extremely limited. However, as shown in Fig. 4 and previously demonstrated by others
(26, 34), sublethal doses of BoNTs induce long-lasting paralysis followed by spontane-
ous recovery in mice. This pattern may be utilized as a means to simulate the chronic
phase of botulinum intoxication and to enable evaluating new therapeutics at times
where antitoxins are no longer effective.

Administration of sublethal doses of BoNT/A to mice resulted in decreased running
distance per night. The durations of decreased running distance correlated with the
toxin dose and lasted 7.256 1.7, 18.36 2, and 25 nights for 0.15, 0.3, and 0.6 i.m. LD50s,
respectively. Exposure to 0.3 i.m. LD50 caused a prolonged and robust reduction in
mouse activity without causing death, which was observed in some of the mice
exposed to 0.6 i.m. LD50. Therefore, 0.3 i.m. LD50 was chosen as the optimal dose to be
used in this model.

Next, the latest time point at which antitoxin was still effective in the chronic botu-
lism model was determined (Fig. 5). Treatment of intoxicated animals with antitoxin on
the day of intoxication prevented most of the toxic effect, as only a slight reduction in
running was observed (Fig. 5). Delayed treatment administered 24 h postintoxication
had a partial therapeutic effect that significantly (P = 0.02) shortened the duration of
the disease from 16.56 1.3 days in untreated mice to 9.56 3.1 days. Administration of
antitoxin 3 days after intoxication did not shorten the disease duration: 14.86 2.3 days
versus 16.56 1.3 days in the untreated mouse group (P = 0.59). Thus, this model, in
which mice are exposed to a sublethal dose of BoNT and treated 3 days postintoxica-
tion or later, can serve as a means for evaluating antibotulinum intracellular drugs
intended for the chronic phase of botulism. Molecules that will shorten the paresis pe-
riod in comparison to an untreated control group will be considered good candidates
and should be further evaluated for the treatment of botulism.

DISCUSSION

In the current study, a real-time, quantitative, and continuous system for detecting
botulism symptoms in mice was developed. The system allows remote automated
data collection from a large number of animals, facilitating powerful statistical analysis,

TABLE 2 Evaluation of postsymptom antitoxin efficacy using the running wheel system

BoNT serotype
Toxin dose
(i.m. LD50)

No. of mice surviving/
tested (%) Avg TTS± SD (h)

A 4 11/11 (100) 6.86 0.8
B 4 13/13 (100) 8.46 1.5
E 4 15/17 (88) 3.56 1.2

2 26/27 (96) 5.36 1.5
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without intervention in the normal behavior of the mice. The motor parameter moni-
tored by the system is running, which depends on the transmission of neural signals
from neurons to muscle cells at the neuromuscular junction, the target site for botuli-
num toxins. In addition, running is a voluntary behavior. Meijer et al. (27) placed run-
ning wheels in nature and recorded extensive running activity of wild mice. Human
patients report early botulism symptoms long before the appearance of observed signs
such as ptosis and difficulty speaking (19). On the other hand, animals, especially
rodents, do not present such facial symptoms and obviously cannot report their situa-
tion. The voluntary decision of a mouse to run may reflect the same capabilities of
human patients to report early botulism-related symptoms.

Previous studies have used a running wheel system to characterize botulinum toxin
effects when administered at sublethal doses. Keller compared the lengths of paralysis
induced by various sublethal doses of BoNT/A, BoNT/B, and BoNT/E (34). Kutschenko
et al. used an irregularly spaced crossbar running wheel to compare three pharmaceu-
tical preparations of botulinum A (26, 35). In subsequent studies, a running wheel

FIG 4 Spontaneous recovery following exposure to a sublethal dose of BoNT/A. (A) Groups of mice (n= 3) were
injected i.m. with various doses of BoNT/A on day 0. The activity of the animals on each night was normalized
to its average activity on the 4 nights preceding toxin exposure. Each point represents the average of the
group activity. The toxin doses were 0.15 (circles), 0.3 (squares), and 0.6 (triangles) i.m. LD50. (B) Average days
to recovery in mice exposed to the respective doses of BoNT/A. Recovery was defined as return of mouse’s
activity to its individual average nocturnal running distance prior to toxin exposure 2 2 SDs.

FIG 5 Determination of the time window for next-generation antibotulinum therapeutics in the sublethal
model. Mice were exposed to 0.3 i.m. LD50 of BoNT/A on day 0 and treated with a body-weight-normalized
human dose of antitoxin at different time points. (A) Normalized activity in relation to the averaged activity
over the 4 days preceding BoNT exposure. The antitoxin treatment time points are as follows: immediate
treatment (open squares), 24 h from intoxication (closed triangles), or 72 h (open circles) from intoxication
(closed squares, untreated group). (B) Average times to recovery for the different groups.
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system was used to evaluate the potency of a BoNT/AB hybrid (36). In all of these stud-
ies, the activity was analyzed retrospectively at a resolution of nights and without any
treatment. In the current study, we wished to evaluate postsymptom antitoxin efficacy
in a clinically relevant scenario. Thus, intoxication with a lethal dose of BoNT was man-
datory. Times to death (TTD) in mice exposed to 4 i.m. LD50s of BoNT/A, BoNT/B, and
BoNT/E ranged between 10 and 40 h, depending on toxin serotype. It is expected that
symptoms corresponding to the disease in such kinetics will manifest within several
hours of exposure. Accordingly, a high-resolution analysis system was required.

The development of a high-resolution monitoring system for detection of disease
symptoms presents several challenges arising from the high variability associated with
voluntary mouse running. In the current study, a series of tools were developed to
overcome variability and enable objective symptom detection. These tools consisted
of a gradual acclimation protocol, comparing the activity of each mouse to its own pre-
exposure activity, use of a moving average to overcome the noncontinuous nature of
voluntary running activity, and designation of a minimal time period of deviation from
normal activity as a symptom.

Using the running wheel system, the TTS following exposure to 4 i.m. LD50s of
BoNT/A, BoNT/B, and BoNT/E, which account for the vast majority of human botulism
cases, were 6.7, 8.3, and 3.5 h, respectively. This pattern coincides with the reported
pathogenesis of human botulism. In mice, the onset of wasp waist symptoms was
observed first for serotype E and then for serotypes A and B (29). Notably, symptom
detection using the running wheel system preceded wasp waist symptoms for all sero-
types. In another study, rabbits that were exposed to 4 LD50s of BoNT/A and BoNT/B
presented respiratory symptoms after approximately 41 h postexposure (22), and rab-
bits exposed to 2 LD50s of BoNT/E demonstrated respiratory symptoms 18 h after expo-
sure (21). Most importantly, the order of symptom onset by serotype in the running
wheel system correlated well with reported human botulism cases. In an analysis of
epidemiologic data collected between 1975 and 1988 from clinical human botulism
cases, it was found that type E patients had the shortest incubation periods, while type
B patients had the longest incubation periods (30). These observations support the
high-resolution running system as a clinically relevant tool for the evaluation of post-
symptom treatments.

Administration of a human-normalized dose of antitoxin after symptom onset was
fully protective in mice exposed to a lethal dose of either BoNT/A or BoNT/B. A high
protection rate was also achieved in mice challenged with a lethal dose of BoNT/E (88
and 96% for challenge with 4 and 2 i.m. LD50s, respectively). Notably, for serotype E
only a very few reports are available regarding antitoxin efficacy (37, 38). The model
developed in the current study enabled for the first time, successful evaluation of post-
symptom anti-BoNT/E efficacy in mice. The mouse running wheel model, together with
the rabbit spirometry model previously developed in our lab, allows objective post-
symptom efficacy evaluation of antitoxin, or other therapeutics, in two animal species.

Following entrance of the lethal concentration (LC) of botulinum toxin into neu-
rons, it cannot be neutralized by antitoxin. Inside the neurons, the LC may persist for
extended periods (39), leading to muscle atrophy and endplate silencing (40, 41), both
delaying recovery. Intoxicated humans can remain paralyzed for months and often
require mechanical ventilation for weeks (42). Thus, there have been long-lasting
attempts to develop next-generation therapeutics, aiming to shorten paralysis periods
by inhibiting intracellular LC. These include small molecule inhibitors (31), uncleavable
SNAP derivatives (43), and molecular vehicles delivering drugs into the cytosol (44). In
vivo examination of these therapeutics used lethal models, and treatment was given
simultaneously with the toxin or in a time-dependent manner.

To address the long-lasting paralysis stage of botulism, we developed a sublethal
exposure model. According to this model, a robust and long-lasting reduction in noc-
turnal running activity is induced by exposure of mice to sublethal doses of BoNTs
(without causing mortality), followed by prolonged spontaneous recovery. Exposure of
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mice to 0.15, 0.3, and 0.6 i.m. LD50s of BoNT/A resulted in a reduction in nocturnal run-
ning for averages of 7.25, 18.3, and 25 days, respectively. A dose of 0.6 i.m. LD50

resulted in the death of some animals in the group, and therefore, although the
reduced activity effect was longer for this dose, it was incompatible. Antitoxin treat-
ment was effective when administered immediately or 24 h postexposure to 0.3 i.m.
LD50 of BoNT/A. This observation indicates that toxin entrance into target cells is a pro-
longed process, as even at 24 h post-toxin exposure, a considerable amount of toxin is
still in the circulation and amenable to antitoxin neutralization. On the other hand,
administration of antitoxin 72 h post-toxin exposure did not significantly accelerate
animal recovery, indicating complete toxin entrance at this time point. Hence, next-
generation therapeutics, aiming to decrease the time of paralysis in BoNT-intoxicated
patients and to be effective beyond the therapeutic window of antitoxin, can be eval-
uated using the running wheel model by exposure of mice to 0.3 i.m. LD50 of BoNT/A
and treating them 72h from exposure or later.

Overall, the model system described in the current study pertains to various aspects of
the clinical features of botulinum intoxication. It allows the transition of complex voluntary
behavior to quantitative and objective models, each of which is especially relevant to the
question at hand. The lethal model, which entails an a priori construction of predicted indi-
vidual behavior, is highly suited for high-resolution online detection of symptoms and effi-
cacy testing of current and novel treatments for the outer cell phase of the intoxication
process. The sublethal model reflects the chronic phase of the disease in humans, where
prolonged paralysis is prominent, owing to inner cell persistence of the toxin. In this sce-
nario, delayed successful treatment, beyond the efficacy window of antitoxin, can serve as
a relevant screening phase for novel therapeutics.

MATERIALS ANDMETHODS
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 no. M-15-15, M-25-15, M-31-16, M-06-17, and M-29-18). Animals reaching endpoint (loss of
righting reflex) were euthanized by cervical dislocation. All efforts were made to minimize animal
suffering.

Bacteria and toxins. Clostridium botulinum A, B, and E strains were obtained from the Israel Institute
for Biological Research (IIBR) collection (A198, B592 and E450, respectively). A sequence analysis revealed compli-
ance of the neurotoxin genes with serotypes 62A (GenBank accession no. M30196), Danish (GenBank accession
no. M81186), and NCTC 11219 (accession no. X62683) of C. botulinum types A1, B1, and E, respectively.

Toxins were prepared from the concentrated supernatant of cultures grown for 6days in anaerobic cul-
ture tubes. Botulinum E was used in its activated form throughout the study (45). Activation was performed
by treatment with 0.1% (wt/vol) trypsin (37°C, 1h). Toxin potency was determined by serial dilutions of toxin
preparations in gelatin-phosphate buffer (0.2% [wt/vol] gelatin in phosphate buffer, pH6.4) and injection of
0.1ml into the gastrocnemius musculature of the right hind leg, followed by survival monitoring for 96h. The
median lethal dose (LD50) was calculated by the Spearman-Karber method (46).

Antitoxin. Equine anti-BoNT/A, -B, and -E antitoxins were obtained from IIBR (47). The neutralizing antibody
concentrations of the antitoxin preparations were determined according to the European Pharmacopeia (48).

Mouse running system. (i) Hardware. The system consisted of a standard mouse cage, top fitted with
a metal running wheel with a diameter of 12.5 cm (purchased from a local pet shop). A magnetic detector
(di-soric DCC 18M 12 PSK-IBSL; di-soric GmbH, Urbach, Germany) was fixed into the cage wall to sense wheel
revolutions. The detectors were connected to a custom-made controller that was able to simultaneously han-
dle 48 sensors (Litvak Electrical Engineering and Control, Ltd., Israel). The controller was connected to a com-
puter (running a Microsoft Windows operating system) with control software (PCIM 7.7 SP4; Afcon Control &
Automation), which was set up to collect the wheel revolution data and export the data online (at a 1-min
interval resolution) into a text file. The system was set to create a backup file every hour. The controller and
computer were connected to a uninterruptible power supply (UPS).

(ii) Software. For high-resolution activity monitoring following exposure to lethal toxin doses, online
(at a 1-min resolution) data were used, as exported from the system. Custom-made software was created
(Visual Basic) to handle these data and perform all calculations as described in the Results section.
Briefly, mouse running was described by two quantitative parameters calculated to characterize individ-
ual mouse-specific expected running. One parameter is time specific, and one is performance specific.
The parameters were calculated based on specific data from the naive mouse prior to the experiment.
During an experiment, deviations from the expected performance were formulated into a rule set and
defined as symptom onset.

For experiments in which mice were exposed to sublethal doses of toxin, the total running distance
per night for each individual mouse was measured. Basic calculations were done using Microsoft Excel.
Data generation, creation of graphs, and statistical analysis were performed using GraphPad Prism.
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Animals. Mice (CD-1) were from Charles River, Canada. Mice were kept under 12-h light/12-h dark
cycles. Acclimation of animals was done gradually. Initially, 3 to 4 mice were housed per cage, with
access to 1 or 2 running wheels for 4 to 7 days. Afterwards, mice were split into running-monitored
cages, with one mouse per cage, for at least 5 days. During these days, running was monitored for con-
sistency as to the total running per night and the specific running patterns for each mouse. Mice show-
ing consistent and robust running (as further explained in the Results section) were used in subsequent
experiments.

Antitoxin efficacy studies. Naive mice (CD-1; Charles River, Canada), previously acclimated and
monitored for individual running performance, were injected intramuscularly (i.m.) into the gastrocne-
mius musculature of the right hind limb with the indicated dose of BoNTs in 0.1ml gelatin-phosphate
buffer. For each toxin serotype and dose, the exposure time was adjusted to allow symptom manifesta-
tion within the robust running time frame, which is usually at the beginning of the dark cycle hours. The
antitoxin treatment doses were normalized to the human recommended treatment dose on a weight
basis as follows: 215 IU/kg of body weight for BoNT/A and BoNT/B and 120 IU/kg for BoNT/E. Antitoxins
A and B were injected i.m. in a volume of 100ml to the left hind leg. Antitoxin E was injected intraperito-
neally in a volume of 0.5ml to facilitate fast distribution. Activity monitoring was performed in a remote
room, and the minimal resolution of entry into the room was half an hour. To minimize disturbance to
mouse activity, the room was illuminated with red light while antitoxin treatment was administered.
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