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PART 1 - Development and Evaluation of BONT Therapeutics in Rats
1. INTRODUCTION

1.1. Background. The botulinum neurotoxins (BoNTs) consist of seven neurotoxic proteins (A—
G) produced by immunologically discrete strains of the bacterium Clostridium botulinum and
less frequently by C. baratii, C. butyricum, and C. argentinense (Habermann and Dreyer, 1986;
Simpson, 2004). The neurotoxins are secreted initially as relatively inactive 150 kDa protoxins
(range 140-167 kDa) surrounded by a complex of neurotoxin-associated proteins that protect
BoNT from degradation in the gastrointestinal tract (Gu et al., 2012). The protoxins are
subsequently cleaved to form the active dichain neurotoxin, consisting of a 100 kDa heavy chain
(HC) and a 50 kDa light chain (LC) (DasGupta and Sugiyama, 1972). Cleavage occurs by action of
clostridial proteases, or in non-proteolytic strains, by host proteases. Cleavage is incomplete for
BoNT/B and BoNT/E, thus these serotypes must be activated by controlled trypsinization prior
to use in assays (Simpson and Dasgupta, 1983; Wang et al., 2010) (See Materials and Methods
section).

The BoNTs have three functional domains: binding, translocation, and catalytic. Binding
is mediated by the C-terminal region of the heavy chain, which interacts with gangliosides and
protein receptors located at high density on cholinergic nerve terminals. This is largely
responsible for cholinergic nerve terminal being the preferred target of toxin action (Berntsson
et al., 2013). The N-terminal region of the HC promotes the translocation of the LC near
transmitter release sites in the nerve terminal cytosol, thereby facilitating the LC-mediated
cleavage of soluble-N-ethylmaleimide sensitive factor attachment protein receptor (SNARE)
proteins (Fischer and Montal, 2007).

1.2. Mechanism of Action. The LC is a Zn**-dependent endopeptidase that cleaves specific
sites on SNARE proteins that results in inhibition (and in high doses to cessation) of evoked
transmitter release (Pirazzini et al., 2017). Since the interaction of SNARE proteins on the
surface of synaptic vesicles and nerve terminal membranes are required for transmitter release
in nearly all synapses, BONT LCs have the inherent ability to inhibit synaptic transmission
throughout the nervous system (Tighe and Schiavo, 2013). In actual outbreaks, however, the
action of BoNT is restricted to inhibition of acetylcholine (ACh) release as a consequence of the
selective binding of the HC to cholinergic nerve endings. The latter, in conjunction with the
inability of BoNT to cross the blood brain barrier (Wong et al., 2013; Adler et al., 2022), confines
the actions of BONT to the neuromuscular junction, autonomic ganglia and parasympathetic
nerve terminals, while largely sparing sensory networks and CNS function (Matak et al., 2016;
Pirazzini et al., 2017).

In skeletal muscle, inhibition of transmitter release leads to flaccid paralysis, which can
progress to generalized muscle weakness and death when the muscles of respiration become
sufficiently compromised. Early signs of BONT intoxication include visual disturbances,
difficulties in swallowing and impairment of speech (Sobel, 2005). At this stage, botulism can be
treated by infusion of serotype specific antitoxin, which may limit further progression.
However, when symptoms advance to generalized paralysis and respiratory weakness, antitoxin
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becomes less effective, and patients will need treatment in an intensive care facility (Tacket et
al., 1984; Hatheway et al., 1984). The more severe cases may also require artificial ventilation,
enteral feeding and physical therapy after discharge from intensive care (Shapiro et al., 1998;
Robinson and Nahata, 2003; Marcus, 2009).

1.3. Medical Countermeasures for BoNT Intoxication. Following the discovery that local
injection of minute quantities of BONT/A was effective for treatment of dystonia, movement
disorders and other diseases stemming from cholinergic hyperactivity (as well as for aesthetic
improvement) (Anandan and Jankovic, 2021), the research community has come to view BoNT
less as an existential threat and more as a useful drug. Accordingly, the current interest in BoNT
is overwhelmingly focused on the discovery of new medical and aesthetic indications for this
toxin. Although adverse events (AEs) from BoNT injections do occur, they are rare and usually
resolve without treatment (Omprakash and Rajendran, 2008; Jain et al., 2023).

The small number of natural outbreaks and AEs are insufficient to justify a costly
medical countermeasures development program by pharmaceutical companies and non-DoD
government agencies, especially in light of availability of antitoxin (despite its limited window
for successful administration) (O’Horo et al., 2018). This is clearly evident by the low number of
new publications on medical countermeasures for botulism in the current literature. A recent
PubMed query of “botulinum toxin and movement disorders” returned 307 articles for the
years 2020-2022, whereas queries for “medical countermeasures and botulinum intoxication”
(or similar search terms) yielded only 6 relevant publications for the same 3-year period. Of
these, the general focus was the development of a more effective and sustainable source of
BONT antitoxin.

During the last three decades, a number of approaches have been used to discover
pharmacological antagonists for BONT: these consist of small molecule inhibitors (SMls) to
inactivate the BoNT LC, strategies to enhance removal of the LC from intoxicated nerve
terminals (e.g., deubiquitinase inhibitors) (Tsai et al., 2017), neuronal delivery of single chain
camelid antibodies (nanobodies) using BONT/X (Miyashita et al., 2021) or detoxified BoNT/D
(McNutt et al., 2021), and physiological antagonists such as 3,4-diaminopyridine (3,4-DAP) and
other K* channel blockers to restore ACh release, especially in BONT/A-intoxicated nerve
terminals (Adler et al., 2019).

To date, SMIs have only been able to slow the rate of BONT-mediated paralysis, but
most exhibited little or no cell-based or in vivo efficacy (Dickerson et al., 2014; Duplantier et al.,
2016) (see however Jacobson et al., 2017). Strategies to accelerate the removal of the BoNT LC
from the nerve terminal have not progressed beyond the proof-of-concept stage (Tsai et al.,
2017) while neuronal delivery of nanobodies is still in early development and would likely face
difficult path for regulatory approval. In contrast to these approaches, physiological antagonists
such as the aminopyridines, whose efficacy was first demonstrated over 40 years ago, have
shown remarkable promise both in slowing the onset of BONT-mediated muscle paralysis and in
restoring tension in BoNT/A-paralyzed muscles (Molgé et al., 1980, 1987; Adler et al., 1995,
1996; Mayorov et al., 2010; Vazquez-Cintron et al., 2020; Machamer et al., 2022). Among the
aminopyridine compounds examined, 3,4-DAP proved to be the most potent and least toxic
drug candidate.



1.4. 3,4-DAP as a Novel Medical Countermeasure for BoNT Intoxication. In a previous
study from our laboratory, 3,4-DAP was shown to counteract BoNT/A-induced muscle paralysis
in isolated phrenic nerve-hemidiaphragm preparations (Adler et al., 1995). In this study,
concentrations of 3,4-DAP above 2 uM were found to be effective in increasing muscle tension,
and concentrations 2100 uM were able to restore twitch tension to near control levels.
However, subsequent in situ experiments with 3,4-DAP in the rat extensor digitorum longus
(EDL) preparation revealed that the duration of action of 3,4-DAP was brief, lasting <3 h when
given by i.v. injection (Adler et al., 1996). Molgé et al. (1980) demonstrated that the short
duration of action of 3,4-DAP can be attributed to its rapid clearance and not to tachyphylaxis
or desensitization. Indeed, Adler et al. (1996) found that 3,4-DAP can be injected up to eight
times over a 10-hour interval with no loss of its ability to reverse muscle paralysis in rats locally
injected with high doses of BoNT/A. Similar findings have also been reported by Vazquez-
Cintron et al. (2020) in BONT/A-intoxicated mice.

1.5. Proof of Concept for Efficacy of 3,4-DAP Infusion. Since a major limitation to the clinical
use of 3,4-DAP is its brief duration, a proof-of-concept study was performed using subcutaneous
(s.c.) administration of this drug via implanted osmotic minipump infusion for 7 days in rats
whose EDL muscles were paralyzed by a local injection of BONT/A. Infusion of 3,4-DAP was found
to protect EDL muscles from BoNT/A-induced muscle paralysis for the entire 7-day period of
infusion (Adler et al., 2000). In contrast, in vehicle-infused rats, the same local injection of BONT/A
caused total muscle paralysis (Adler et al., 2000). Importantly, however, protection was only
present during 3,4-DAP infusion, as demonstrated by the recurrence of paralysis following
surgical removal of the 3,4-DAP-containing minipumps after day 7. Although this study suggested
that 3,4-DAP infusion can provide sustained protection from the paralytic action of BoNT/A, it
was not clear whether protection observed in a single locally intoxicated muscle would equate
to increased survival following systemic BoNT/A exposure.



1.6. Current Study to Extend 3,4-DAP to Systemic BoNT Intoxication. To determine
whether 3,4-DAP could protect rats against systemic botulism, we studied the actions of
3,4-DAP infusion in rats intoxicated with sub- and supra-lethal doses of BoNT using
survival as the primary endpoint and prolongation of survival time and symptomatic relief
as secondary endpoints. We also extended the infusion time from 7 days to 14 days since
the benefits of 3,4-DAP on EDL muscle tension was not maintained when infusion was
discontinued after 7 days. In addition, we studied the three serotypes (BoNT/A, BoNT/B
and BoNT/E) implicated in >98% of human botulism outbreaks (Shapiro et al., 1998) and
switched from implanted osmotic minipumps to external infusion pumps to provide more
flexibility for adjusting 3,4-DAP doses and infusion times. In addition to the study on rats,
we have also performed a preliminary study to evaluate the suitability of using rabbits as
large animal models for carrying out pharmacokinetic and other advanced studies on 3,4-
DAP. For the current effort, we have determined the LDso of BONT/A in New Zealand white
rabbits using the animal conserving up-and-down method. The data on rabbits are
presented as Part 2 of this report. The LDso of BONT/B and BoNT/E and protection studies
using 3,4-DAP infusion in rabbits are expected to be done at a future time contingent on
availability of funding.

2. MATERIALS AND METHODS

2.1 BoNT Stock and Working Solutions. BoNT/A, BoNT/B and BoNT/E were purchased from
Metabiologics Inc. (Madison, WI). The parent vials of each serotype contained 100 pg of pure
150 kDa neurotoxin dissolved in 100 pL of aqueous solution buffered with 100 mM sodium
phosphate and 50 mM sodium chloride (pH 7.4). To prepare stock solutions of BONT/A, 5 uL of
toxin from the parent vial was added to 495 uL of phosphate-buffered saline (PBS,
MilliporeSigma, St. Louis, MO) containing 0.2% gelatin (gelatin phosphate buffer, GPB),
dispensed in 10 pL aliquots and frozen at -80 °C until use. The BONT/A concentration in each
vial of stock solution was 10 ng/uL. Since BoNT/B and BoNT/E are only partially activated by
bacterial proteases, they were fully activated by a controlled enzymatic digestion of an aliquot
of toxin from the parent vial using TPCK-treated trypsin (MilliporeSigma) according to the
method of Wang et al. (2015). Trypsin activation generally results in a 3-fold increase in BoNT/B
activity and a more striking 100-fold increase for BONT/E activity (Simpson and Dasgupta, 1983;
Wang et al., 2010).

Prior to each experiment, one tube of this stock solution was further diluted with PBS
containing 0.2% gelatin to obtain working concentrations suitable for toxicity testing. A
separate vial of the 10 ng/uL stock solution was used for each experiment to avoid loss of
activity from freeze-thaw damage.



2.2 Animals. The studies described in Part 1 of this Final Report were performed in mice and
rats; a preliminary study to determine the LDso of BONT/A in rabbits will be described in Part 2
of this Final Report. Animals were housed in facilities approved by AAALAC International with
food and water provided ad libitum. Animals were maintained in a temperature, light, and
humidity-controlled environment in accordance with USAMRICD SOPs and the most recent
edition (8t") of the “Guide for the Care and Use of Laboratory Animals” (National Research
Council, 2011). A 12-hour light/dark, full-spectrum lighting cycle with no twilight were
maintained in all animal holding areas. Mice and rats were quarantined for 5 days after arrival;
they were group housed until the start of the study and individually housed after toxin
exposure.

2.2.1. Determination of the intravenous (i.v.) BONT LDso values in mice. Because of the
steep dose response curve for BoONT-mediated toxicity, small lot-to-lot variations in the toxin’s
specific activity can dramatically affect lethality (Pearce et al., 1994). Variations in potency in
commercial preparations occur because BoNT/A is derived from bacterial cultures, and
comprehensive potency testing may not be performed on each new lot of neurotoxin by the
manufacturer; potency testing must therefore be performed by the user.

We determined the potency of BoNT/A, BoNT/B and BoNT/E using the mouse lethality
assay on CD1 mice of either sex weighing 20-32 g (Charles River Laboratories). Mice were lightly
anesthetized with an 5% isoflurane-oxygen mixture and injected in the tail vein with BoNT in a
volume of 0.2 mL. Mice were weighed daily and observed twice per day for toxicity and
mortality for 5 days after exposure. Typically, five doses of BONT were tested using 4-6 mice per
dose. The doses were selected to bracket Metabiologic’s nominal LDso and were incremented
or decremented by factors of 1.5 (2 doses above and 2 below the nominal LDso) as suggested by
Pearce et al. (1994). The mean LDso of BONT/A, BoNT/B and BoNT/E in mice was determined to
be 0.38, 0.49 and 0.84 ng toxin per kg, respectively, for the 3 BoNT serotypes. Mice were
euthanized at the end of the 5-day study or earlier if they lost >35% body weight, exhibited
acute respiratory distress or gross hematuria, or met combined endpoint scoring criteria for
toxicity. Euthanasia was performed by a 5-min exposure to CO; followed by decapitation.

2.2.2. Determination of the i.v. BONT LDsp values in rats. The i.v. LD50 of BoNT/A, BoNT/B
and BoNT/E was determined in adult male Sprague Dawley rats (Charles River Laboratories)
weighing 299-338 g at the beginning of the study. Rats were group housed prior to assignment
to an experimental group and individually housed thereafter; in each case with free access to
food and water. For determining the BoNT LDsg, rats were lightly anesthetized with an 5%
isoflurane-oxygen mixture and injected in the tail vein with BoNT in a volume of 0.25 mL.
Animals were allocated to 5 dosage groups, each containing 4-5 rats. For BONT/A and BoNT/E,
the mouse LDso/kg body weight provided a provisional estimate of the rat i.v. LDsg, which made
it possible to obtain the actual LDso by using only 2 doses above and 2 below this estimated
value. This was possible because mice and rats have similar sensitivity to BONT/A and BoNT/E
(Donald et al., 2018).

A somewhat different procedure was required for BoNT/B, since rats are known to be
considerably less sensitive than mice to this serotype. Burgen et al. (1949) first reported this
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species difference and estimated its order of magnitude to be approximately 500-fold, which
was confirmed by subsequent authors (Adler et al., 1996; Elliott et al., 2017). Using this value as
a guide, LDsp studies were carried out with doses of BoNT/B ranging from 300 to 900 mouse
LDso units.

After exposure, rats were weighed daily and observed twice per day for toxicity and
mortality for 7 days. Rats were humanely euthanized at the end of the study or earlier if they
lost >35% body weight, exhibited acute respiratory distress or manifested gross hematuria.
Euthanasia was performed by intraperitoneal (i.p.) injection of pentobarbital (200 mg/kg)
followed by thoracotomy.

2.3. Evaluation of 3,4-DAP for Treatment of BoNT Toxicity

2.3.1. Infusion parameters. To carry out infusion of vehicle or 3,4-DAP (MilliporeSigma), rats
were implanted with subcutaneous (s.c.) catheters by Charles River Laboratories via incision in
the upper back and insertion of the catheter into a dorsal tunnel, with the infusion port secured
between the scapulae. Catheters were flushed every 3-5 days with 0.5 mL saline to ensure
patency. The surgically implanted infusion port was stabilized with a rat harness (VAH95AB,
Instech Laboratories, Plymouth Meeting, PA) to prevent accidental removal and connected to a
tether kit, which ran from the infusion port through a counterbalance lever arm to 10 mL plastic
syringes containing vehicle (saline) or 3,4-DAP dissolved in saline. Syringes were controlled with
Pump 11 Elite syringe pumps (Harvard Apparatus, Holliston, MA). Tethers were filled with
treatment solution prior to connection to the infusion port. Rats were acclimated to the
infusion harness 1 day before intoxication.

2.3.2. Delivery of 3,4-DAP or vehicle in catheterized rats. Anesthetized adult male rats
were injected intravenously (i.v.) with BONT/A, BoNT/B or BoNT/E in the tail vein, and 12 or 24
h later, 3,4-DAP or vehicle was infused s.c. via surgically implanted catheters at constant rates
of 0.33 uL/h. Allocation of rats to vehicle or 3,4-DAP treatment groups was randomized. Two
infusion doses were used: 0.98 mg/kg.h and 1.44 mg/kg.h, generating steady-state plasma 3,4-
DAP concentrations of 125 and 200 ng/mL, respectively. At the start of 3,4-DAP infusion, rats
also received a bolus intramuscular (i.m.) injection of 1 mg/kg 3,4-DAP as a loading dose, since
the infused 3,4-DAP required 2 h to traverse the tubing and reach the animals. Rats were
observed for survival and signs of botulism twice per day for two weeks and for an additional
week following termination of infusion.

Body weights were determined daily. Eight specific signs of botulism were used for
computing a Clinical Severity (CS) score. The aggregate CS score and survival were used as
measures of efficacy of 3,4-DAP treatment. The CS score was based on findings of lethargy,
porphyrin, limb weakness, “wasp-waist,” forced abdominal breathing, urinary retention,
hematuria and total body paralysis. These signs were assigned weights of 1-3 depending on
their prognosis for mortality. The CS score ranged from 0 for an asymptomatic rat to 16 if all 8
signs were observed. Rats exhibiting gross hematuria, gasping or profound loss of body weight
(>35%) were assigned a value of 16 and humanely euthanized.
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2.4. Data Analysis. Unless stated otherwise, data were expressed as mean + SEM. The number
of rats at the beginning of each experiment was equal (or nearly equal) for vehicle and 3,4-DAP
and generally consisted of 6 or more animals. Data analysis was performed using GraphPad
Prism v9.4.1. LDsp values were derived from non-linear regression fits of log dose-lethality data.
Survival data were plotted as Kaplan-Meier curves and differences between vehicle- and 3,4-
DAP-infused rats were analyzed by Mantel-Cox log-rank test, with P< 0.05 considered to be
statistically significant.

3-5. RESULTS
3. Protection by 3,4-DAP Against Intoxication by BoONT/A

3.1. Protection Against a 1 LDso BONT/A Challenge. Twelve rats were injected i.v. with a 1
LDso dose of BoONT/A. At ~24 h after toxin challenge, which coincided with initial signs of
botulism in rats (lethargy, porphyrin staining of eyes, hind limb weakness), rats were infused
s.c. with vehicle (n= 6) or 3,4-DAP (n= 6). The 3,4-DAP-infusate had a concentration of 0.98 mg
3,4-DAP/kg body weight and was delivered by an external perfusion pump at a steady rate of 33
ul/h (8 mL per day) for 14 days via surgically attached s.c.-implanted catheters. These infusion
parameters generated a steady-state 3,4-DAP plasma concentration of 125 ng/mlL, as
determined by earlier pharmacokinetic (PK) studies (Machamer et al., 2022). To compensate for
the delay between onset of infusion and drug delivery, rats in the 3,4-DAP group also received a
bolus injection of 1 mg/kg 3,4-DAP i.m. as a loading dose prior to onset of infusion.

3.1.1. Clinical severity (CS) score. Beginning at day 1, both vehicle- and 3,4-DAP-infused rats
exhibited increasing signs of botulism, with clinical severity (CS) scores reaching 6 on day 3
(Figure 1A). Thereafter, the 3,4-DAP-infused rats began to recover, with CS scores decreasing to
5atday 7, 2.7 at day 14 and 0 from day 15 to the end of the study. In vehicle-infused rats, CS
scores continued to increase, reaching 10.6 on day 5, before returning to 6.0 for the remainder
of the infusion period. The large reduction in CS values in vehicle infused rats between day 6
and 7 reflects the mortality of the most symptomatic rats, in conjunction with stabilization of
signs in the 3-surviving vehicle-infused animals. The latter is more apparent in Figure 1B where
CS data of only surviving rats are shown. It is clear from Figure 1B that in vehicle-infused rats,
toxic signs from a 1 LDso dose of BoONT/A do not begin to reverse until after day 14.

12



A. B.

167 \‘ = 34DAP,125ngiml(n=6) 167 :
] \ - Vehicle (n=6)

12 :

CS score
CS score

Time after 1 LD5g BONT/A (days) Time after 1 LDsg BONT/A (days)

Figure 1. A. CS scores of rats challenged with a 1 LDso dose of BONT/A and infused with 0.98 mg/kg.h 3,4-
DAP (125 ng/mL) for 14 days, beginning 1 day after toxin challenge. This infusion dose yielded a 3,4-DAP
plasma level of 125 ng/mL as determined in prior PK studies (Machamer et al., 2022). Vehicle-infused
rats exhibited signs of botulism of increasing severity for 5 days after challenge, followed by a plateau
for the next 8 days and recovery thereafter. BONT/A was injected in the tail vein at O-time. The dotted
line represents the onset of 3,4-DAP or vehicle infusion. The CS was based on 8 signs of botulinum
intoxication encompassing lethargy, gait abnormalities, muscle weakness, apnea and recumbency (see
Materials and Methods section 2.3.2). The CS scale ranged from 0 (asymptomatic) to 16 (found dead or
meeting endpoint criteria and humanely euthanized- usually as a result of respiratory distress or urinary
blockage). Differences in CS score between vehicle- and 3,4-DAP-infused rats were significant on post
exposure days 4 and 5 (P< 0.05, Student’s t-test). The arrows indicate time of mortality of 3 of 6 vehicle-
infused rats. B. CS scores of surviving rats which encompasses all 3,4-DAP-infused rats and 3 of the 6

vehicle-infused rats.
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3.1.2. Survival. The effect of 3,4-DAP on survival is shown in Figure 2. In vehicle-infused rats, a
1 LD50 dose of BoNT/A led to the mortality in 3 of 6 rats: one animal on day 4 and two on day
5. The three-remaining vehicle-infused rats and all six 3,4-DAP-infused rats survived the 2-week
infusion period as well as the 1-week post-infusion period.
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Figure 2. Survival of rats challenged with a 1 LDso dose of BONT/A and infused with vehicle or 0.98
mg/kg.h 3,4-DAP (125 ng/mL). Three vehicle-infused rats succumbed during the first week of infusion,
but no deaths were observed in the 3,4-DAP group. BoNT was injected at O-time; 3,4-DAP infusion was
started 1 day after intoxication indicated by the vertical dotted line. Protection by 3,4-DAP was
statistically significant (P <0.05; Mantel-Cox test). Green dotted lines indicate 95% CI.

3.1.3. Body weight. Figure 3 shows the changes in body weight in 3,4-DAP- and vehicle-
infused rats. For the first 10-days after the 1 LDso BONT/A challenge, both groups
underwent a profound body weight loss. This was due to a combination of factors which
likely includes paralysis of the Gl tract, difficulty in swallowing and extensive muscle
weakness (Fan et al., 2016). Body weights began to recover at day 11 in the-3,4-DAP-
infused rats, although these early gains were not maintained (Figure 3). In vehicle-
infused rats, recovery of body weight did not begin until day 16. Interestingly, at the end
of the 21-day observation period, the body weights of vehicle- and 3,4-DAP-infused rats
no longer showed any difference.
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Figure 3. Body weights of rats challenged with a 1 LDso dose of BONT/A (0-time) and infused 1 day later
(dotted line) with vehicle or 3,4-DAP. Maximum weight loss in vehicle- and 3,4-DAP-infused rats was
28.5+ 1.7% and 25.7+ 1.5 %, respectively.

3.2. Protection Against a 2.5 LDso BoNT/A Challenge. The effect of 3,4-DAP infusion on CS
score after intoxication by a 2.5 LDso dose of BONT/A is shown in Figure 4. As in the previous
experiment, BONT/A was administered by a single i.v. injection in the tail vein, and 3,4-DAP or
vehicle was infused over a 14-day period. In this and all subsequent experiments (unless noted
otherwise), the dose of 3,4-DAP was increased to 1.44 mg/kg.h, which resulted in steady-state
3,4-DAP plasma levels of 200 ng/mL as determined by prior PK studies. This is at the upper end
of a human therapeutic plasma level of 3,4-DAP used in the treatment of Lambert-Eaton
Myasthenic Syndrome (LEMS) and is well tolerated by patients (Thakkar et al., 2017).

3.2.1. CS score. As with the 1 LDsp BoNT/A challenge, signs and symptoms of botulism
progressed in parallel in both vehicle- and 3,4-DAP infused rats for the first 2 days after
exposure. Subsequently, signs and symptoms in the vehicle-infused rats became more severe
until all vehicle-infused animals succumbed to the lethal actions of BoNT/A by day 6. In 3,4-
DAP-infused rats, CS scores increased only slightly in severity beyond day 2, then reached a
plateau of 5.3 from days 3 to 7. This was followed by a gradual recovery over the next 6 days,
culminating in the absence of CS signs at the end of infusion on day 14. Importantly, 3,4-DAP-
infused rats remained free of adverse signs during the 1-week post-infusion period with no
mortalities or rebound toxicity.
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Figure 4. CS scores of rats challenged with a 2.5 LDsg dose of BONT/A and infused with 200 ng/mL 3,4-
DAP (as determined in a prior PK study) for 14 days, beginning 1 day after challenge. Note that both
vehicle- and 3,4-DAP-infused rats exhibited signs of botulism of increasing severity during the first 2 days
after challenge. BONT/A was injected in the tail vein at O-time and the dotted line represents the onset
of 3,4-DAP- or vehicle infusion. Multiple CS observations are plotted on days O to 4 and 1 observation

per day, thereafter.
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3.2.2. Survival. Fourteen days of infusion with 3,4-DAP was found to be fully protective against
a 2.5 LDsp challenge of BONT/A as shown in Figure 5. Interestingly, if infusion of 3,4-DAP was
terminated at day 5, all rats succumbed within the next day (not shown). These data indicate
that the duration of infusion must be >5 days for survival, but we have not determined as yet
whether the entire 14 days are required for survival.
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Figure 5. Survival of rats challenged with a 2.5 LDso dose of BONT/A and infused with vehicle or 3,4-DAP
24-h later. At this challenge dose, 200 ng/mL 3,4-DAP was fully protective, whereas vehicle-infused rats
succumbed 4-6 days after challenge (median time of mortality = 5 days). Protection by 3,4-DAP was
statistically significant (P=0.02; Mantel-Cox test). The green dotted lines indicate 95% Cl.

3.2.3. Body weight. The effects of 3,4-DAP on body weight are shown in Figure 6. As with the
1 LDsp dose of BONT/A, body weights decreased in parallel in vehicle- and 3,4-DAP- infused rats.
Monitoring of the former was only possible for 5 days, since all vehicle treated rats succumbed
by day 6. In spite of the treatment with 3,4-DAP, there was a substantial loss of body weight of
>30%, due to extensive muscle weakness, difficulty swallowing and paralysis of the Gl tract
subsequent to BONT/A challenge. The loss of body weight in 2.5 LDso BONT/A- challenged rats
was even more profound than that observed in 1 LDsg challenged rats (compare with Figure 3).
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Figure 6. Body weights of rats challenged with a 2.5 LDso dose of BoNT/A and infused 1 day later (dotted
line) with vehicle or 200 ng/mL 3,4-DAP.

3.3. Protection Against a 4 LDso BONT/A Challenge-Trial 1: 3,4-DAP infusion dose of 0.98
mg/kg.h (125 ng/mL). Two doses (125 ng/mL and 200 ng/mL) were used to test the efficacy of
3,4-DAP against a 4 LD50 challenge dose of BoNT/A. These experiments were carried out under
similar experimental conditions as those used for the 1 and 2.5 LDsg studies, except for the
earlier start of 3,4-DAP infusion (12 h rather than 24 h) due to the more rapid onset of clinical
signs.

3.3.1. CS score. At this high challenge dose of BONT/A, signs of botulism were observed
within 12 h of exposure and all vehicle-infused rats succumbed within 2 days of intoxication.
Rats infused with 3,4-DAP at 0.98 mg/kg.h (125 ng/mL) had less severe signs (Figure 7) and
survived for up to 6 days after challenge (Figure 8). However, none of the animals survived for
the entire 2-week infusion period. Four of 6 rats were found dead during CS checks and 2 were
humanely euthanized since they exhibited widespread paralysis and respiratory distress.
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Figure 7. CS score of rats challenged with a 4 LDso dose of BONT/A and infused with vehicle or 125 ng/mL
3,4-DAP (as determined in a prior PK study). Infusion was started at the first signs of botulism at 12 h
after BoNT/A challenge (lethargy, porphyrin staining of eyes, hind limb weakness). 3,4-DAP infusion
delayed but did not arrest the severity of botulism (Compare with Figures 1 and 4).

3.3.2. Survival. The effect of 3,4-DAP (125 ng/mL) on survival is shown in Figure 8. At 4 LDso
BoNT/A, 3 of 5 vehicle-infused rats succumbed within 1 day of exposure and the remaining rats
died by the next day. 3,4-DAP shifted the median survival time from 1 to 3.5 days, which is
remarkable considering the extreme illness produced by 4 LDso BONT/A.
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Figure 8. Survival of rats challenged with a 4 LDso dose of BoNT/A and infused with vehicle or 125 ng/mL
3,4-DAP. At this challenge dose, 3,4-DAP prolonged the time to death, but did not protect against
BoNT/A-mediated lethality. The median survival times were increased from 1 day in the vehicle-infused
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group to 3.6 days in the 3,4-DAP infused group (P = 0.01; Mantel-Cox test). The green and blue dotted
lines indicate 95% Cl.

3.3.3. Body weight. The effect of 3,4-DAP on BoNT/A-mediated loss of body weight is shown
in Figure 9. At the infusion dose used, 3,4-DAP did not prevent weight loss, as indicated by the
similarities in the rates of decline in body weight in vehicle- and 3,4-DAP-infused rats. Maximum
weight loss of surviving 3,4-DAP-infused rats occurred on day 5, with mean body weights
decreasing by 36% relative to values in this group one day prior to BoNT/A exposure (time 0).
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Figure 9. Body weights of rats challenged with a 4 LDso dose of BONT/A and infused 12 h later (dotted
line) with vehicle or 3,4-DAP (125 ng/mL). Note that data for the former were plotted only for the first 2
days after exposure since no vehicle-infused rat survived beyond 2 days.

20



3.4. Protection Against a 4 LDso BONT/A Challenge-Trial 2: 3,4-DAP infusion dose of 1.44
mg/kg.h (200 ng/mL).

3.4.1. CS score, survival, and body weight. A second group of rats was also challenged with 4
LDso BONT/A, but this cohort was treated with 200 ng/mL 3,4-DAP instead of 125 ng/mL used in
the first trial. Increasing the dose of 3,4-DAP resulted in improved CS scores (Figure 10) and
longer survival times (Figure 11). An encouraging finding at the 200 ng/mL dose of 3,4-DAP was
that one rat survived the entire 14-day infusion period plus the 7-day post-infusion time.
Profound diaphragmatic weakness appears to play a major role in the high mortality seen with
the 4 LDso challenge dose of BONT/A, especially during the first days after challenge. Autonomic
abnormalities, such as paralysis of the Gl tract, coupled with constipation and urinary retention
also contribute to mortality, especially during later times. The marked improvement in all
measured parameters with the 200 ng/mL 3,4-DAP infusion dose suggests that it would be of
benefit to examine 3,4-DAP doses above those used in the present study, especially for
treatment of intoxication by BoNT/A at 4 LDs or higher.
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Figure 10. CS Scores of rats challenged with a 4 LDso dose of BoNT/A and infused with vehicle or 200
ng/mL 3,4-DAP (as determined in a prior PK study). Infusion was started at 12 h which coincided with
the first signs of botulism (e.g., porphyrin staining of eyes, lethargy, hind limb weakness). At 200 ng/mlL,
3,4-DAP delayed the progression of CS signs and reduced their severity. It should be noted that the data
from days 12 to 21 represents the CS score of one 3,4-DAP-infused rat that survived the 4 LDso BONT/A

challenge.
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Figure 11. Survival of rats challenged with a 4 LDsp dose of BoNT/A and infused with vehicle or 3,4-DAP
(200 ng/mL). The median survival time was 2 days in vehicle-infused rats and 10 days in 3,4-DAP-infused
rats (P = 0.0006; Mantel-Cox test). The green and blue dotted lines indicate 95% CI.
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Figure 12. Body weights of rats challenged with a 4 LDso dose of BONT/A and infused 12 hours later with
vehicle or 3,4-DAP (200 ng/mL). All vehicle-infused rats succumbed by day 3. Loss of body weight of up
to 36% was observed on day 10 in the 3,4-DAP-infused group, which was the same as that observed in
rats infused with the lower dose of 3,4-DAP (125 ng/mL; Figure 9). The apparent increase in mean body
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weight after day 10 was due to the removal of 2 highly emaciated rats from the population under study.
Data from day 12 to 21 reflects day-to-day fluctuation in the body weight of one surviving rat. It is clear
from the horizontal line that there was no net increase in body weight over the interval shown.

4. Protection by 3,4-DAP Against Intoxication by BoNT/B. Selection of an appropriate
challenge dose for BoNT/B is difficult because rats are much less sensitive to this serotype than
either mice or humans (Adler et al., 1996). Moreover, BoNT/B (and BoNT/E) require controlled
activation by trypsin to generate the active dichain form of the toxin. We began testing BONT/B
in mice by tail vein injection to determine the potency of the activated stock solution. We then
performed tests in standard non-catheterized rats by increasing the doses at multiples of the
mouse LDsp. The LDsg for BONT/B in rats was found to be 800 times the mouse LDsp when
normalized for differences in body weight. This challenge dose was used subsequently in
catheterized rats for determining efficacy of 3,4-DAP on BoNT/B.

4.1. Protection Against a 0.4 LDso BoNT/B Challenge.

4.1.1. CS score. The effect of 3,4-DAP infusion on CS score after intoxication by a 0.4 LDso dose
of BoNT/B is shown in Figure 13. BoNT/B was administered by a single i.v. injection in the tail
vein, and 3,4-DAP (n=6) or vehicle (n=6) was infused s.c. via surgically implanted catheters over
a 14-day period followed by a 7-day post infusion period. Signs characteristic of muscle
paralysis (e.g., hindlimb weakness, impaired locomotion) typically appeared 2-3 days after i.v.
injection of BONT/B and increased in severity over the next 3-4 days (Figure 13). Intoxication
progressed at similar rates for the first 3 days in both 3,4-DAP- and vehicle-infused rats,
culminating in peak CS values of 6.6 and 10.1, respectively. Recovery occurred after day 4 in
3,4-DAP-infused rats but not until day 6 in vehicle-infused rats. In principle, a slower onset is
advantageous for therapy by 3,4-DAP, since it provides more time to initiate treatment.
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Figure 13. CS scores of rats challenged with a 0.4 LDso dose of BoNT/B and infused for 14 days with
vehicle of 200 ng/mL 3,4-DAP (as determined in a prior PK study). Infusion was started at 24 h after
BoNT/B challenge.

4.1.2. Survival. At this low dose, only two vehicle infused rats and one 3,4-DAP infused rat died
and, in both groups, mortalities occurred near the middle of the infusion cycle (Figure 14). The
differences in the two survival curves were not statistically significant.
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Figure 14. Survival of rats challenged with a 0.4 LDso dose of BONT/B and infused 24 hours later with
vehicle or 200 ng/mL 3,4-DAP. At this dose, 2 of 6 (33%) vehicle-infused rats and 1 of 6 (17%) of 3,4-DAP-
infused rats succumbed following injection of BoNT/B, which was not statistically significant. The green
and blue dotted lines indicate 95% Cl.

4.1.3. Weight loss. 3,4-DAP did not alter the onset nor the extent of weight loss in rats
intoxicated with 0.4 LDso BoNT/B (Figure 15), and body weights in both groups returned to pre-
exposure levels between days 17-18.
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Figure 15. Body weights of rats challenged with a 0.4 LDso dose of BoNT/B and infused 24 hours later
with vehicle or 200 ng/mL 3,4-DAP. A similar loss of body weight was observed in both 3,4-DAP- and
vehicle-infused rats.

4.2. Protection Against a 1.2 LDso BoNT/B Challenge

4.2.1. CS score. The effects of 3,4-DAP (1.44 mg/kg.h, 200 ng/mL) on CS scores in rats
intoxicated with a 1.2 LDso challenge dose of BONT/B are shown in Figure 16. As indicated, 3,4-
DAP-infusion resulted in a moderate reduction in CS scores, with little change in onset and
recovery times.
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Figure 16. CS scores of rats challenged with a 1.2 LDso dose of BoNT/B and infused for 14 days with
vehicle or 200 ng/mL 3,4-DAP. In vehicle-infused rats, CS scores increased in severity following toxin
exposure reaching a value of 10.3 on day 6. Rats infused with 3,4-DAP had less severe CS scores
(maximum value = 7.6 at day 7) and slightly delayed onset and recovery times.
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4.2.2. Survival. 3,4-DAP was moderately effective in protecting rats against intoxication
by a 1.2 LDso challenge dose of BoNT/B as indicated by increased survival in the drug-
infused infused rats (Figure 17).
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Figure 17. Survival of rats challenged with a 1.2 LDso dose of BONT/B and infused 24 hours later with
vehicle or 200 ng/mL 3,4-DAP. 3,4-DAP afforded partial protection of rats from the lethal actions of 1.2
LDso BONT/B as evidenced by findings that 6/9 (67%) of vehicle-infused rats but only 4/9 (44%) of 3,4-
DAP-infused rats succumbed over the 21-day period of observation; differences in survival curves
between the two groups, however, were not statistically significant. Median survival was 6 days for the
vehicle-infused rats and undefined for the 3,4-DAP-infused group, since lethality was below 50%. The
green and blue dotted lines indicate 95% ClI.
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4.2.3. Body weight. 3,4-DAP had no effect on onset, extent or recovery of body weight in rats
intoxicated with 1.2 LDso dose of BoNT/B (Figure 18).
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Figure 18. Body weights of rats challenged with a 1.2 LDso dose of BoNT/B and infused 24 hours later
with vehicle or 200 ng/mL 3,4-DAP. A similar loss of body weight was observed in both 3,4-DAP- and
vehicle-infused rats. Note that in contrast with the general lack of recovery of body weight after BONT/A
intoxication at 1.2 LDso, rats intoxicated with 1.2 LDsgp BONT/B not only recovered the weight lost during
the acute phase of botulism, but also attained the weight expected for non-intoxicated animals at the
end of the 21-day period of observation.

4.3. Protection Against a 1.8 LDso BoNT/B challenge.
4.3.1. CS score. The effects of 3,4-DAP against a higher dose of BoNT/B (1.8 LDsp) are shown in

Figures 19-21. At this challenge dose, more severe signs of intoxication were observed than at
the lower doses in both vehicle-infused and 3,4-DAP-infused rats (Figure 19).
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Figure 19. CS scores of rats challenged with a 1.8 LDso dose of BoNT/B and infused with 1.44 mg/kg.h
3,4-DAP (200 ng/mL) for 2 weeks, beginning 1 day after challenge. Note that vehicle-infused rats
exhibited signs of increasing severity for 5 days after BONT/B challenge, culminating in mortality of all
animals. CS scores of 3,4-DAP-infused rats were similar for the first 3 days but were followed by a
gradual recovery over the next 10 days.

4.3.2. Survival. Between days 3 and 5, signs of intoxication had begun to decrease in the drug-
infused rats but continued to increase in the vehicle-infused rats, culminating in mortality in 5
of 5 rats in the latter group. In contrast, only 2 of 6 (33%) 3,4-DAP-treated rats succumbed
following exposure to a 1.8 LDsg dose of BoNT/B (Figure 20).
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Figure 20. Survival of rats challenged with a 1.8 LDso dose of BONT/B and infused with vehicle or 200
ng/mL 3,4-DAP. All 5 of 5 vehicle-infused rats succumbed between days 3-5, whereas only 2 of 6 rats
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infused with 3,4-DAP succumbed during the course of the study. This difference was highly significant by
the Mantel-Cox long-rank test (P=.002). The median time to lethality in vehicle infused rats was 4 days
and undefined in the 3,4-DAP infused rats since 50% mortality was not attained. The green and blue
dotted lines indicate 95% ClI.

4.3.3. Body weight. Since all vehicle-infused rats succumbed within 2 days of toxin exposure, it
was not possible to determine whether 3,4-DAP mitigated BoNT/B-mediated loss of body
weight (Figure 21). However, the body weights in surviving 3,4-DAP-treated rats did not recover
to pre-exposure levels at the end of the 21 period of observation (Figure 21).
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Figure 21. Body weights of rats challenged with a 1.8 LDso dose of BoNT/B and infused 1 day later with
vehicle or 200 ng/mL 3,4-DAP. The maximum loss in body weight in 3,4-DAP-infused rats was 27% at 8
days after challenge.

Based on the limited efficacy of 3,4-DAP against 0.4 and 1.2 LDso doses of BoNT/B, the
marked efficacy observed against a 1.8 LDso of BONT/B was unexpected. The data at 0.4 and 1.2
LDso are more consistent with the partial efficacy observed in isolated tissues and in in situ
nerve-muscle preparations following local injection of BONT/B (Adler et al., 1996). Although it
may be tempting to consider the results at 1.8 LDso BONT/B as an anomaly, the data do show a
high level of internal consistency.
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5. Protection by 3,4-DAP Against Intoxication by BoNT/E. BoNT/E is responsible for
approximately 15% of foodborne botulism outbreaks in the U.S. Although BoNT/E cleaves the
same substrate as BONT/A (SNAP-25), the latter cleaves 9 residues from the C-terminus of
SNAP-25, whereas the former cleaves 26 residues from the C-terminus of this SNARE protein. It
has been proposed that the more extensive cleavage of SNAP-25 by BONT/E makes the
truncated SNARE protein less responsive to reversal by 3,4-DAP. This has been demonstrated in
both in vitro and in situ nerve muscle preparations (Adler et al., 1995, 1996, 2000).

As with BoNT/A and BoNT/B, mice and rats were used to establish the i.v. LDsg of
BoNT/E, and this value was used for testing the effect of 3,4-DAP against low and high
challenge doses of BONT/E in catheterized rats. Because BoNT/E-mediated toxicity has a rapid
onset, infusions of 3,4-DAP were initiated 12 h after intoxication at all challenge doses.

5.1. Protection against a 0.4 LDsp BONT/E Challenge

5.1.1. CS score. Following intoxication with a 0.4 LD50 dose of BoNT/E, CS signs in both
vehicle- and 3,4-DAP-infused rats developed rapidly, reaching peak values at day 1.5 and
recovered to baseline at day 4 (Figure 22). Both onset and recovery times were considerably
faster than those observed after exposure to an equitoxic dose of BoNT/B (cf. Figure 13). This
presents certain challenges for treatment, as will be considered in the Discussion. 3,4-DAP
reduced the intensity of CS signs from 6.8 £ 1.2 to 3.4 + 0.25.
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Figure 22. CS scores of rats challenged with a 0.4 LDsp dose of BONT/E and infused with 200 ng/mL 3,4-
DAP for 14 days, beginning 12 h after challenge. Two CS observations per day were made from day 0 to
day 11 and 1 observation per day, thereafter. A. Complete time course; B. Abscissa expanded to show
more detailed time course over days 0-5.
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5.1.2. Survival. The effect of 3,4-DAP on survival is shown in Figure 23. In vehicle-infused rats,
a 0.4 LDspdose of BONT/E led to the mortality in 1 of 6 rats (at day 3). The five-remaining
vehicle-infused rats and all six 3,4-DAP-infused rats survived the 2-week infusion period plus
the 1-week post-infusion period.
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Figure 23. Survival of rats challenged with a 0.4 LDso dose of BONT/E and infused with vehicle or 200
ng/mL 3,4-DAP. One vehicle-infused rats succumbed three days after onset of infusion. No mortality was
observed in the 3,4-DAP-infused group nor additional mortality in the vehicle-infused group. BoNT/E
was injected at 0-time; 3,4-DAP infusion was started 12 h after intoxication as indicated by the vertical
dotted line. Differences in the two survival curves were not statistically significant by the Mantel-Cox
log-rank test. The horizontal dotted lines indicate 95% ClI for the vehicle-infused rats.

5.1.3. Body weight. The effect of 3,4-DAP on BoNT/E-induced loss of body weight is shown
Figure 24. In the vehicle-infused group, rats lost body weight for the first 2 days after BONT/E
intoxication, followed by recovery in body weight on day 6 to values slightly above pre-
intoxication levels (327.2 + 11.8 g vs. 322 + 5.2 g). In the 3,4-DAP-infused group, body weights
were also reduced for the first 2 days but to a lesser extent and recovered to pre-intoxication
levels by day 4. Thereafter, body weights increased rapidly in both groups, although values in
the 3,4-DAP group remained consistently above those in the vehicle-infused group. Such rapid
recovery of body weight was not observed with BONT/A or BONT/B and appears to be unique to
BoNT/E. This presumably stems from the relatively brief intracellular persistence of BONT/E
light chain in motor neuron terminals (Adler et al., 2001).
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Figure 24. Body weights of rats after intoxication by BoNT/E. 3,4-DAP-infused rats had less extensive
weight loss and more rapid recovery than those infused with vehicle.
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5.2. Protection Against a 1.2 LDso BoNT/E Challenge.

5.2.1. SC score. The effects of 3,4-DAP against a 1.2 LDsp challenge dose of BONT/E on CS
scores, survival and body weights are shown in Figures 25-27. In agreement with
observations at the lower challenge dose (0.4 LDsp), rats exposed to 1.2 LDso BONT/E
exhibited both a rapid onset and rapid recovery of toxic CS signs.
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Figure 25. CS scores of rats challenged with a 1.2 LDso dose of BONT/E at O-time and infused 12 hours
later with vehicle or 200 ng/mL 3,4-DAP for 14 days (of which 10 are shown). Twelve hours coincided
with first signs of intoxication (lethargy and porphyrin staining of the eyes). More severe signs such as
hindlimb weakness and impaired respiration was first observed on day 2. At this BoNT/E dose, 3,4-DAP
did not delay the development of toxic signs but did reduce their severity (Peak CS score =8.2 £ 1.3 in
3,4-DAP-infused rats vs. 10.1 + 2.0 in vehicle-infused rats) and accelerated the time course of recovery.
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5.2.2. Survival. The median survival was 2 days in vehicle-infused rats and undefined in 3,4-
DAP-infused rats, since mortality in this group did not reach 50% (Figure 26). Three of 12 rats
infused with 3,4-DAP and 6 of 11 vehicle-infused rats succumbed during the 21 period of
observation. Mortality occurred early in both groups: 1 and 3 days in DAP-infused rats and 1.5
and 2 days in the vehicle-infused group.
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Figure 26. Survival of rats challenged with a 1.2 LDso dose of BoNT/E at O-time and infused 12 hours later
(vertical dotted line) with vehicle or 200 ng/mL 3,4-DAP. The blue and green dotted lines indicate 95% ClI
for 3,4-DAP- and vehicle-infused rats, respectively. Differences in the two survival curves were not
statistically significant by the Mantel-Cox log-rank test.
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5.2.3. Body weight. In both 3,4-DAP- and vehicle-infused rats, weight loss was evident 2 days
after BoONT/E injection. Weight gain was observed 1 day later in 3,4-DAP-infused rats and 3 days
later in vehicle-infused rats. As with the lower dose of BONT/E (Figure 24), vehicle-infused rats
regained weight in parallel with 3,4-DAP infused rats but maintained a lower body weight during the
recovery phase.
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Figure 27. Body weights of rats challenged with a 1.2 LDso dose of BONT/E and infused 12 hours later
with vehicle or 200 ng/mL 3,4-DAP.

6. DISCUSSION

Botulism is a rare but deadly disease with an annual incidence of 110 cases in the U.S.
and a fatality rate of 5-10% (Sobel, 2005). Current treatment for botulism consists of slow i.v.
infusion of equine heptavalent antitoxin (BAT®), followed by intensive/supportive care until
sufficient muscle strength recovers to allow for return of spontaneous ventilation and basic
motor function (O’Horo et al., 2018). However, since BoNT LC acts by cleaving SNARE proteins
inside the nerve terminal and antitoxin can only neutralize BoNT in circulation, the efficacy of
antitoxin decreases as intoxication progresses, since fewer circulating toxin molecules remain
available to neutralize. Much of the efficacy of antitoxin is lost if it is administered >48 h after
onset of intoxication or after the onset of obvious muscle weakness (Tacket et al., 1984; Fan et
al., 2016). Thus, there is an urgent need for treatments that are not limited by the short time
window of antitoxins, especially in light of the long duration of BoNT intoxication, which in
severe cases can exceed 6 months (Keller et al., 1999; Adler et al., 2001).
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6.1. Limitations of Small Molecule Inhibitors (SMIs) as Potential BONT Countermeasures.
To address the need for post-exposure treatments, considerable effort has been focused on
discovery of small-molecule LC inhibitors using conventional medicinal chemistry approaches.
Thus far, however, none of the candidates have demonstrated robust in vivo efficacy in animal
models (Duplantier et al., 2016; Jacobson et al., 2017; Adler et al., 2019), and most exhibited
low efficacy even in cell-based systems (Dickerson et al., 2014). The lack of success of SMls may
be explained by the difficulties of addressing three key challenges in the design of BONT
inhibitors. First, drugs targeting the LC must be cell permeant in order to gain access to the LC
after the latter is internalized in the nerve terminal cytosol. Second, the SMI would need to
have exceptionally high potency, since any uninhibited catalytic activity of the LC would result
in continued SNARE protein cleavage. Third, the LCs of BONT/A and BoNT/B are highly
persistent in neurons (Keller et al., 1999; Adler et al., 2001), whereas SMls, in comparison, have
exceedingly short biological half-lives. Consequently, effective LC inhibitors must be able to
produce sustained and near complete inactivation of the LC. This would allow replacement of
the cleaved SNARE proteins via de novo synthesis for restoration of neuromuscular
transmission and muscle function.

6.2. Medical Countermeasures That Act by Enhancing Transmitter Release. It has been
proposed that neuromuscular paralysis can be overcome by drugs that enhance cholinergic
neurotransmission such as K* channel blockers (Otsuka and Edno, 1960; Lundh et al., 1977;
Molgé et al., 1980; 1987; Kalia and Swartz, 2011) and in more limited cases by cholinesterase
inhibitors such as pyridostigmine or edrophonium (Cherington 1974; Young and Halstead,
2014). We and others have shown that the aminopyridines, notably 3,4-DAP, can transiently
reverse muscle paralysis in a dose/concentration-dependent manner after intoxication by
BoNT, especially for intoxication caused by serotype A (Adler et al., 1995; 1996, 2000, Bradford
et al. 2018). 3,4-DAP is a K* channel blocker that prolongs neuronal action potential duration,
thereby increasing the release of ACh, thus compensating for the inhibitory action of BoNT on
transmitter release (Sidhof and Rizo 2011; Bradford et al., 2018). The advantages of 3,4-DAP
over other aminopyridines that have been studied (e.g., 4-aminopyridine, 4-AP) is that 3,4-DAP
is 6-10-fold more potent in increasing evoked transmitter release and has fewer central nervous
system off target effects (e.g., seizures, dizziness, paresthesia, balance disorders) because it is
less likely than 4-AP to cross the blood-brain-barrier (Vohra et al., 1965; Molgd et al., 1980). The
principal benefit of using 3,4-DAP for treatment of botulism is that it is not restricted by a
narrow time window and does not require the LC to be inhibited, neutralized or removed from
the nerve terminal to exert its action. In addition, although 3,4-DAP and other K* channel
blockers are most effective against BONT/A, they are also effective, albeit to a lesser degree,
against BoNT/B and BoNT/E intoxication.

36



6.3. Clinical Studies with K Channel Blockers. It has been known since the last century that
guanidine (a derivative of the nucleic acid guanine) and some of its congeners have the ability
to enhance the sensitivity of skeletal muscle to ACh (Frank et al., 1923). This finding led
investigators to test the efficacy of guanidine in myasthenic patients, even though the
mechanism of action of guanidine (K* channel blockade) and the underlying cause of
myasthenia gravis (autoimmune disease targeting nicotinic ACh receptors) were not yet known
(Minot et al. 1938). The authors noted that guanidine caused a rapid but transient
improvement in muscle tension, and myasthenic patients treated with guanidine reported
subjective feelings of increased strength and well-being. Since the muscle weakness associated
with neuromuscular diseases such as myasthenia gravis and especially the Lambert-Eaton
variant (LEMS) shares similarities with botulism (Ricker et al. 1971), the K* channel blockers
guanidine, 4-AP and 3,4-DAP were tested in selected botulinum intoxicated patients beginning
in 1968 (Cherington and Ryan, 1968; Kaplan et al., 1979; Friggeri et al., 2013). In the majority of
cases, ptosis, extraocular palsies and strength in the extremities improved while the drugs were
in circulation, but symptoms reappeared following metabolic clearance of the drugs.

In all reported cases, patients treated with K* channel blockers still required artificial
ventilation, until sufficient toxin was eliminated from motor nerve terminals to allow for return
of spontaneous ventilation (Cherington and Ryan, 1968, 1970). Cherington (1974) speculated
that the respiratory muscles may be more sensitive to BoNT than limb muscles or perhaps less
sensitive to the actions of K* channel blockers to explain the resistance of respiratory muscle to
K* channel blockers (Cherington, 1974; Puggiari and Cherington, 1978). Neither, however, is
likely since diaphragm muscles (the principal muscles of respiration) have not been found to
exhibit higher sensitivity to BoNT than limb muscles and showed equal sensitivity to the actions
of K* channel blockers (Adler et al., 1995, 2012). A more likely possibility is that nerve terminals
that innervate diaphragm muscles take up toxin at a greater rate than those innervating limb
muscles because the former have a higher duty cycle, a key determinant of toxin uptake
(Rogozhin et al., 2008).

While the results from human case studies are encouraging, they fall short of being able
to provide a clear indication of the role K* channel blockers would have in the treatment of
botulism. Because of the low incidence and sporadic nature of botulism outbreaks, and the fact
that none of the K* channel blockers were FDA-approved at the time the human case studies
were performed, it was not possible to design adequately powered clinical trials. The studies
described above lacked consistency in factors such severity of intoxication, dosage of drug,
duration of treatment, route of administration, time from onset of intoxication to drug
administration and importantly, whether patients also received antitoxin treatment.

The phosphate salt of 3,4-DAP was approved by the FDA in 2018 for treatment of LEMS
under the proprietary name Firdapse®. LEMS is a rare autoimmune disease in which antibodies
target and destroy Ca®* channels at motor nerve terminals, leading to inhibition of ACh release
(Zhang et al., 2021). LEMS is characterized by muscle weakness and autonomic dysfunction and
resembles moderate BoNT intoxication in signs and symptoms. The well-controlled clinical trials
that preceded approval of Firdapse® can provide a valuable database for the safety, efficacy
and pharmacokinetic profile of this drug in humans that can be used for rational selection of
doses and other parameters for future studies in botulinum intoxicated patients.
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In addition, based on our data with continuous infusion, it would be important to
perform studies in humans using long-term infusion for drug delivery. Infusion times would
need to be adjusted for the different durations of BoNT intoxication, which vary with serotype
and severity of intoxication (Keller et al., 1999; Adler et al., 2001). In humans, recovery from
BoNT/A intoxication can take as long as 6 months, whereas recovery from BoNT/E may only
take 3-4 weeks and recovery from BoNT/B would generally fall between these 2 values
(Cherington, 1998; Marcus 2006).

6.4. Salient Findings in the Current Study.

6.4.1. Efficacy of 3,4-DAP against BONT/A. The effects of 3,4-DAP infusion were tested at 1,
2.5 and 4 LDsp doses of BoNT/A. 3,4-DAP afforded complete protection at 1 and 2.5 LDsp doses
of BoNT/A (Figures 2 & 5). In the absence of 3,4-DAP, 3 of 6 rats at 1 LDsg and 6 of 6 rats at 2.5
LDso succumbed within 6 days of challenge.

Two doses of 3,4-DAP were used for examining the efficacy of 3,4-DAP at 4 LDso BONT/A:
125 ng/mL (Figure 8) and 200 ng/mL (Figure 11). At the lower dose, 3,4-DAP increased the
median time-to-death from 1 to 3.6 days, however, none of the 3,4-DAP-infused rats survived
beyond day 7. At the higher infusion dose, 3,4-DAP increased the median time-to-death to 10
days and 1 of 6 (17%) 3,4-DAP-infused rats survived the entire 14-day infusion time plus the 7-
day post infusion period. We did not explore higher 3,4-DAP infusion doses, since 200 ng/mL is
at the upper end of the dose used for treatment of LEMS (Thakkar et al., 2017). In principle,
higher doses of 3,4-DAP would likely have conferred more robust protection at 4 LDso, since in
isolated diaphragm preparations, maximal protection was achieved using 100 uM 3,4-DAP, a
concentration that would be lethal in vivo (Adler et al., 2012). By comparison, 200 ng/mL is
equivalent to 1.83 pM.

6.4.2. Efficacy of 3,4-DAP against BoNT/B. Since 3,4-DAP is known to be less effective
against BONT/B and BoNT/E (Adler et al., 1996), studies with these serotypes were performed
with lower doses of toxin. At a BoNT/B or BONT/E dose of 0.4 LDsq, 3,4-DAP reduced the
severity of CS scores (Figures 13 &22) and shortened the time course of recovery. Since very
few animals succumbed to botulism at this challenge dose, it was not possible to determine
whether 3,4-DAP protected rats from lethality (Figures 14 & 23).

At the challenge dose of 1.2 LDsg, 3,4-DAP was still effective in lowering overall CS
scores, but the acceleration of recovery was less apparent in BONT/B-intoxicated rats (Figure
16) than in rats intoxicated with BoNT/E (Figure 25). Mortality was reduced by 3,4-DAP for both
serotypes from 67% to 44% for BoNT/B (Figure 17) and from 55% to 25% for BoNT/E (Figure
26); however, these changes were not statistically significant. For BoNT/B, a higher dose of 1.8
LDsp was also examined. At this dose, all of the vehicle-infused rats succumbed to botulism
between days 3-5, whereas 4 of 6 (67%) of 3,4-DAP-infused rats survived the full 21 days of the
study (Figure 20). This was an encouraging, albeit unexpected, finding based on the results at
0.4 and 1.2 LDso doses of BoNT/B. It would be of considerable interest to reexamine this dose in
a future study since confirmation of this finding would make 3,4-DAP a more attractive
candidate for development as a medical countermeasure for BoNT intoxication.
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In an earlier study, Siegel et al. (1986) examined the efficacy of high doses of 3,4-DAP (4-
8 mg/kg) against 10, 20 and 40 LDso doses of BoNT/A, BoNT/B or BoNT/E. 3,4-DAP was injected
3 h after intoxication and hourly thereafter for up to 32 h, which was the end of their study.
Surprisingly, 3,4-DAP was effective against BONT/A even at these high doses, increasing the
median time-to-death and protecting over 50% of mice from lethality. No protection or
significant increase in time-to-death was observed with any of the other serotypes under the
same experimental conditions. Based on the above it would be of interest to explore higher 3,4-
DAP infusion doses and higher challenge doses of BoNT to determine the limit of protection
with 3,4-DAP. Rodents appear to tolerate 3,4-DAP plasma levels of 1000 ng/mL (Ishida et al.
2019), which is 5 times greater than the high dose used in the present study.

7. CONCLUSION

These data demonstrated a potential treatment for BONT/A by the free base
formulation of an FDA approved drug. Collectively, they present a compelling argument for
continuing studies aimed at repurposing Firdapse® (3,4-DAP phosphate) for treatment of
natural outbreaks of botulism, iatrogenic botulism as well as for treatment of botulism that may
result from a bioterrorist attack.

8. REFERENCES

Adler M, Capacio B, Deshpande SS. Antagonism of botulinum toxin A-mediated muscle paralysis
by 3, 4-diaminopyridine delivered via osmotic minipumps. Toxicon. 2000
Oct;38(10):1381-8. doi: 10.1016/s0041-0101(99)00231-7. PMID: 10758273.

Adler M, Deshpande SS, Apland JP, Murray B, Borrell A. Reversal of BONT/A-mediated inhibition
of muscle paralysis by 3,4-diaminopyridine and roscovitine in mouse phrenic nerve-
hemidiaphragm preparations. Neurochem Int. 2012 Nov;61(6):866-73. doi:
10.1016/j.neuint.2012.07.015. Epub 2012 Jul 25. PMID: 22841859.

Adler M, Dinterman RE, Wannemacher RW. Protection by the heavy metal chelator N,N,N',N'-
tetrakis (2-pyridylmethyl)ethylenediamine (TPEN) against the lethal action of botulinum
neurotoxin A and B. Toxicon. 1997 Jul;35(7):1089-100. doi: 10.1016/s0041-
0101(96)00215-2. PMID: 9248007.

Adler M, Keller JE, Sheridan RE, Deshpande SS. Persistence of botulinum neurotoxin A
demonstrated by sequential administration of serotypes A and E in rat EDL muscle.
Toxicon. 2001 Feb-Mar;39(2-3):233-43. doi: 10.1016/s0041-0101(00)00120-3. PMID:
10978741.

Adler M, Macdonald DA, Sellin LC, Parker GW. Effect of 3,4-diaminopyridine on rat extensor
digitorum longus muscle paralyzed by local injection of botulinum neurotoxin. Toxicon.
1996 Feb;34(2):237-49. doi: 10.1016/0041-0101(95)00127-1. PMID: 8711757.

39



Adler M, Pellett S, Sharma SK, Lebeda FJ, Dembek ZF, Mahan MA. Preclinical Evidence for the
Role of Botulinum Neurotoxin A (BoNT/A) in the Treatment of Peripheral Nerve Injury.
Microorganisms. 2022 Apr 24;10(5):886. doi: 10.3390/microorganisms10050886. PMID:
35630331; PMCID: PM(C9148055.

Adler M, Scovill J, Parker G, Lebeda FJ, Piotrowski J, Deshpande SS. Antagonism of botulinum
toxin-induced muscle weakness by 3,4-diaminopyridine in rat phrenic nerve-
hemidiaphragm preparations. Toxicon. 1995 Apr;33(4):527-37. doi: 10.1016/0041-
0101(94)00183-9. PMID: 7570638.

Adler M, Singh AK, Gul N, Lebeda FJ. Medical countermeasures for intoxication by botulinum
neurotoxin. In Chemical Warfare Agents, 3" Ed. 2019, CRC Press, Lukey B, Romano J,
Salem H. eds. 227-244, ISBN-13: 978-1498769211.

Anandan C, Jankovic J. Botulinum Toxin in Movement Disorders: An Update. Toxins (Basel).
2021 Jan 8;13(1):42. doi: 10.3390/toxins13010042. PMID: 33430071; PMCID:
PMC7827923.

Archer ZA, Rayner DV, Rozman J, Klingenspor M, Mercer JG. Normal distribution of body weight
gain in male Sprague-Dawley rats fed a high-energy diet. Obes Res. 2003
Nov;11(11):1376-83. doi: 10.1038/0by.2003.186. PMID: 14627759.

Ben David A, Barnea A, Diamant E, Dor E, Schwartz A, Torgeman A, Zichel R. Small Molecule
Receptor Binding Inhibitors with In Vivo Efficacy against Botulinum Neurotoxin
Serotypes A and E. Int J Mol Sci. 2021 Aug 9;22(16):8577. doi: 10.3390/ijms22168577.
PMID: 34445283; PMCID: PMC8395308.

Berntsson RP, Peng L, Dong M, Stenmark P. Structure of dual receptor binding to botulinum
neurotoxin B. Nat Commun. 2013;4:2058. doi: 10.1038/ncomms3058. PMID: 23807078;
PMCID: PMC3752466.

Burgen AS, Dickens F, Zatman LJ. The action of botulinum toxin on the neuro-muscular junction.
J Physiol. 1949 Aug;109(1-2):10-24. doi: 10.1113/jphysiol.1949.sp004364. PMID:
15394302; PMCID: PMC1392572.

CDC 2020. https://www.selectagents.gov/compliance/guidance/toxin/tierl.htm

Cherington M. Botulism. Ten-year experience. Arch Neurol. 1974 Jun;30(6):432-7. doi:
10.1001/archneur.1974.00490360008003. PMID: 4827060.

Cherington M. Clinical spectrum of botulism. Muscle Nerve. 1998 Jun;21(6):701-10. doi:
10.1002/(sici)1097-4598(199806)21:6<701::aid-mus1>3.0.co;2-b. PMID: 9585323.

Cherington M, Ryan DW. Botulism and guanidine. N Engl J Med. 1968 Apr 25;278(17):931-3.
doi: 10.1056/NEJM196804252781704. PMID: 5644559.

DasGupta BR, Sugiyama H. A common subunit structure in Clostridium botulinum type A, B and
E toxins. Biochem Biophys Res Commun. 1972 Jul 11;48(1):108-12. doi: 10.1016/0006-
291x(72)90350-6. PMID: 5041870.

Davis LE, Johnson JK, Bicknell JM, Levy H, McEvoy KM. Human type A botulism and treatment
with 3,4-diaminopyridine. Electromyogr Clin Neurophysiol. 1992 Jul-Aug;32(7-8):379-83.
PMID: 1526219.

Dickerson TJ, Smith GR, Pelletier JC, Reitz AB. 8-Hydroxyquinoline and hydroxamic acid
inhibitors of botulinum neurotoxin BoNT/A. Curr Top Med Chem. 2014;14(18):2094-102.
doi: 10.2174/1568026614666141022095114. PMID: 25335884.

40


https://www.selectagents.gov/compliance/guidance/toxin/tier1.htm

Donald S, Elliott M, Gray B, Hornby F, Lewandowska A, Marlin S, Favre-Guilmard C, Périer C,
Cornet S, Kalinichev M, Krupp J, Fonfria E. A comparison of biological activity of
commercially available purified native botulinum neurotoxin serotypes Al to F1 in vitro,
ex vivo, and in vivo. Pharmacol Res Perspect. 2018 Nov 22;6(6):e00446. doi:
10.1002/prp2.446. PMID: 30519475; PMCID: PM(C6261930.

Duplantier AJ, Kane CD, Bavari S. Searching for Therapeutics Against Botulinum Neurotoxins: A
True Challenge for Drug Discovery. Curr Top Med Chem. 2016;16(21):2330-49. doi:
10.2174/1568026616666160413135630. PMID: 27072693.

Elliott M, Maignel J, Liu SM, Favre-Guilmard C, Mir |, Farrow P, Hornby F, Marlin S, Palan S,
Beard M, Krupp J. Augmentation of VAMP-catalytic activity of botulinum neurotoxin
serotype B does not result in increased potency in physiological systems. PLoS One.
2017 Oct 5;12(10):e0185628. doi: 10.1371/journal.pone.0185628. PMID: 28982136;
PMCID: PMC5628846.

Fan KL, Wang YL, Chu G, Leung LP. Delayed Antitoxin Treatment of Two Adult Patients with
Botulism after Cosmetic Injection of Botulinum Type A Toxin. J Emerg Med. 2016
Dec;51(6):677-679. doi: 10.1016/j.jemermed.2016.07.097. Epub 2016 Sep 28. PMID:
27687174.

Fischer A, Montal M. Single molecule detection of intermediates during botulinum neurotoxin
translocation across membranes. Proc Natl Acad Sci U S A. 2007 Jun 19;104(25):10447-
52. doi: 10.1073/pnas.0700046104. Epub 2007 Jun 11. PMID: 17563359; PMCID:
PMC1965533.

Friggeri, A., Margon, F., Marciniak, S. et al. 3,4-Diaminopyridine may improve neuromuscular
block during botulism. Crit Care 17, 449 (2013). https://doi.org/10.1186/cc12880

Frank E, Nothmann M, Guttman, E. Pflug. Arch. f. d. gesamt. Physiol., 201: 569, 1923.

Garland M, Babin BM, Miyashita SI, Loscher S, Shen Y, Dong M, Bogyo M. Covalent Modifiers of
Botulinum Neurotoxin Counteract Toxin Persistence. ACS Chem Biol. 2019 Jan
18;14(1):76-87. doi: 10.1021/acschembio.8b00937. Epub 2019 Jan 8. PMID: 30571080;
PMCID: PMC7204532.

Gu S, Rumpel S, Zhou J, Strotmeier J, Bigalke H, Perry K, Shoemaker CB, Rummel A, Jin R.
Botulinum neurotoxin is shielded by NTNHA in an interlocked complex. Science. 2012
Feb 24;335(6071):977-81. doi: 10.1126/science.1214270. PMID: 22363010; PMCID:
PM(C3545708.

Habermann E, Dreyer F. Clostridial neurotoxins: handling and action at the cellular and
molecular level. Curr Top Microbiol Immunol. 1986;129:93-179. doi: 10.1007/978-3-642-
71399-6_2. PMID: 3533452.

Hefter H, Samadzadeh S. The Necessity of a Locally Active Antidote in the Clinical Practice of
Botulinum Neurotoxin Therapy: Short Communication. Medicina (Kaunas). 2022 Jul
14;58(7):935. doi: 10.3390/medicina58070935. PMID: 35888654; PMCID: PM(C9324518.

Hatheway CH, Snyder ID, Seals JE, Edell TA, Lewis GE Jr. Antitoxin levels in botulism patients
treated with trivalent equine botulism antitoxin to toxin types A, B, and E. J Infect Dis.
1984 Sep;150(3):407-12. doi: 10.1093/infdis/150.3.407. PMID: 6481185.

Ishida N, Kondo Y, Chikano Y, Kobayashi-Nakade E, Suga Y, Ishizaki J, Komai K, Matsushita R.
Pharmacokinetics and tissue distribution of 3,4-diaminopyridine in rats. Biopharm Drug
Dispos. 2019 Sep;40(8):294-301. doi: 10.1002/bdd.2203. PMID: 31419315.

41


https://doi.org/10.1186/cc12880

Jacobson AR, Adler M, Silvaggi NR, Allen KN, Smith GM, Fredenburg RA, Stein RL, Park JB, Feng
X, Shoemaker CB, Deshpande SS, Goodnough MC, Malizio CJ, Johnson EA, Pellett S, Tepp
WH, Tzipori S. Small molecule metalloprotease inhibitor with in vitro, ex vivo and in vivo
efficacy against botulinum neurotoxin serotype A. Toxicon. 2017 Oct;137:36-47. doi:
10.1016/j.toxicon.2017.06.016. Epub 2017 Jul 8. PMID: 28698055; PMCID:
PMC5694348.

Jain N, Lansiaux E, Yucel U, Huenermund S, Goeschl S, Schlagenhauf P. Outbreaks of iatrogenic
botulism in Europe: Combating off-label medical use of Botulinum Neurotoxin (BoNT) in
bariatric procedures. New Microbes New Infect. 2023 May 22;53:101152. doi:
10.1016/j.nmni.2023.101152. PMID: 37441153; PMCID: PMC10333734.

Kalb SR, Baudys J, Kiernan K, Wang D, Becher F, Barr JR. Proposed BoNT/A and /B Peptide
Substrates Cannot Detect Multiple Subtypes in the Endopep-MS Assay. J Anal Toxicol.
2020 Mar 7;44(2):173-179. doi: 10.1093/jat/bkz044. PMID: 31287544; PMCID:
PMC6949424.

Kalia J, Swartz KJ. Elucidating the molecular basis of action of a classic drug: guanidine
compounds as inhibitors of voltage-gated potassium channels. Mol Pharmacol. 2011
Dec;80(6):1085-95. doi: 10.1124/mol.111.074989. Epub 2011 Sep 16. PMID: 21926190;
PMCID: PMC3228538.062377

Keller JE, Neale EA, Oyler G, Adler M. Persistence of botulinum neurotoxin action in cultured
spinal cord cells. FEBS Lett. 1999 Jul 30;456(1):137-42. doi: 10.1016/s0014-
5793(99)00948-5. PMID: 10452545.

Lebeda, FJ, Michael Adler, PhD, Zygmunt F Dembek, MS USAR (Ret.), Yesterday and Today: The
Impact of Research Conducted at Camp Detrick on Botulinum Toxin, Military Medicine,
Volume 183, Issue 5-6, May-June 2018, Pages 85-95. doi: org/10.1093/milmed/usx047.

Lonati D, Schicchi A, Crevani M, Buscaglia E, Scaravaggi G, Maida F, Cirronis M, Petrolini VM,
Locatelli CA. Foodborne Botulism: Clinical Diagnosis and Medical Treatment. Toxins.
2020; 12(8):509. doi: org/10.3390/toxins12080509.

Lundh H, Leander S, Thesleff S. Antagonism of the paralysis produced by botulinum toxin in the
rat. The effects of tetraethylammonium, guanidine and 4-aminopyridine. J Neurol Sci.
1977 May;32(1):29-43. doi: 10.1016/0022-510x(77)90037-5. PMID: 194021.

Machamer JB, Vazquez-Cintron EJ, O'Brien SW, Kelly KE, Altvater AC, Pagarigan KT, Dubee PB,
Ondeck CA, McNutt PM. Antidotal treatment of botulism in rats by continuous infusion
with 3,4-diaminopyridine. Mol Med. 2022 Jun 3;28(1):61. doi: 10.1186/s10020-022-
00487-4. PMID: 35659174; PMCID: PM(C9164507.

Marcus, S. Reflections on the care of a patient severely poisoned by 'rogue’ botulinum toxin and
rendered paralyzed for a protracted hospital stay. The Botulinum Journal 2009;
1(3):318-339. doi.org/10.1504/TBJ.2009.031683.

Matak I, Lackovi¢ Z, Relja M. Botulinum toxin type A in motor nervous system: unexplained
observations and new challenges. J Neural Transm (Vienna). 2016 Dec;123(12):1415-
1421. doi: 10.1007/s00702-016-1611-9. Epub 2016 Sep 1. PMID: 27586162.

Mayorov AV, Willis B, Di Mola A, Adler D, Borgia J, Jackson O, Wang J, Luo Y, Tang L, Knapp RJ,
Natarajan C, Goodnough MC, Zilberberg N, Simpson LL, Janda KD. Symptomatic relief of
botulinum neurotoxin/a intoxication with aminopyridines: a new twist on an old

42


https://doi.org/10.1093/milmed/usx047
https://doi.org/10.3390/toxins12080509
https://doi.org/10.1504/TBJ.2009.031683

molecule. ACS Chem Biol. 2010 Dec 17;5(12):1183-91. doi: 10.1021/cb1002366. Epub
2010 Oct 22. PMID: 20936877; PMCID: PMC3003761.

McNutt PM, Vazquez-Cintron EJ, Tenezaca L, Ondeck CA, Kelly KE, Mangkhalakhili M, Machamer
JB, Angeles CA, Glotfelty EJ, Cika J, Benjumea CH, Whitfield JT, Band PA, Shoemaker CB,
Ichtchenko K. Neuronal delivery of antibodies has therapeutic effects in animal models
of botulism. Sci Transl Med. 2021 Jan 6;13(575):eabd7789. doi:
10.1126/scitranslmed.abd7789. PMID: 33408188; PMCID: PMC8176400.

Minot AS, Dodd K, Riven SS. The response of the myasthenic state to guanidine hydrochloride.
Science. 1938 Apr 15;87(2259):348-50. doi: 10.1126/science.87.2259.348-a. PMID:
17743742.

Miyashita Sl, Zhang J, Zhang S, Shoemaker CB, Dong M. Delivery of single-domain antibodies
into neurons using a chimeric toxin-based platform is therapeutic in mouse models of
botulism. Sci Transl Med. 2021 Jan 6;13(575):eaaz4197. doi: 10.1126/scitranslmed.aaz
4197. PMID: 33408184.

Molgd J, Lemeignan M, Thesleff S. Aminoglycosides and 3,4-diaminopyridine on neuromuscular
block caused by botulinum type A toxin. Muscle Nerve. 1987 Jun;10(5):464-70. doi:
10.1002/mus.880100514. PMID: 3497343.

Molgé J, Lundh H, Thesleff S. Potency of 3,4-diaminopyridine and 4-aminopyridine on
mammalian neuromuscular transmission and the effect of pH changes. Eur J Pharmacol.
1980 Jan 11;61(1):25-34. doi: 10.1016/0014-2999(80)90378-7. PMID: 6101553.

National Research Council (US) Committee for the Update of the Guide for the Care and Use of
Laboratory Animals. Guide for the Care and Use of Laboratory Animals. 8th ed.
Washington (DC): National Academies Press (US); 2011. PMID: 21595115.

O'Horo JC, Harper EP, El Rafei A, Ali R, DeSimone DC, Sakusic A, Abu Saleh OM, Marcelin JR, Tan
EM, Rao AK, Sobel J, Tosh PK. Efficacy of Antitoxin Therapy in Treating Patients With
Foodborne Botulism: A Systematic Review and Meta-analysis of Cases, 1923-2016. Clin
Infect Dis. 2018, 66(suppl_1):543-S56. https://doi.org/10.1093/cid/cix815

Omprakash HM and Rajendran SC. Botulinum toxin deaths: what is the fact? Journal of
Cutaneous and Aesthetic Surgery. 1(2):95-97, Jul-Dec 2008. DOI: 10.4103/0974-
2077.99451

Otsuka M, Endo M. The effect of guanidine on neuromuscular transmission. J Pharmacol Exp
Ther. 1960 Mar;128:273-82. PMID: 14429382.

Pearce LB, Borodic GE, First ER, MacCallum RD. Measurement of botulinum toxin activity:
evaluation of the lethality assay. Toxicol Appl Pharmacol. 1994 Sep;128(1):69-77. doi:
10.1006/taap.1994.1181. PMID: 8079356.

Peck MW. Clostridium botulinum and the safety of minimally heated, chilled foods: an
emerging issue? J Appl Microbiol. 2006 Sep;101(3):556-70. doi: 10.1111/j.1365-
2672.2006.02987.x. PMID: 16907806.

Pirazzini M, Rossetto O, Eleopra R, Montecucco C. Botulinum Neurotoxins: Biology,
Pharmacology, and Toxicology. Pharmacol Rev. 2017 Apr;69(2):200-235. doi:
10.1124/pr.116.012658. PMID: 28356439; PMCID: PM(C5394922.

Puggiari M, Cherington M. Botulism and guanidine. Ten years later. JAMA. 1978 Nov
17;240(21):2276-7. PMID: 702753.

43



Ricker K, Doll W. Neurophysiological and pharmacological differentiation of botulism and
myasthenia. Electroencephalogr Clin Neurophysiol. 1971 Mar;30(3):260. PMID:
4103193.

Robinson RF, Nahata MC. Management of botulism. Ann Pharmacother. 2003 Jan;37(1):127-31.
doi: 10.1345/aph.1C034. PMID: 12503947.

Rogozhin AA, Pang KK, Bukharaeva E, Young C, Slater CR. Recovery of mouse neuromuscular
junctions from single and repeated injections of botulinum neurotoxin A. J Physiol. 2008
Jul 1;586(13):3163-82. doi: 10.1113/jphysiol.2008.153569. Epub 2008 May 8. PMID:
18467364; PMCID: PM(C2538785.

Shapiro RL, Hatheway C, Swerdlow DL. Botulism in the United States: a clinical and
epidemiologic review. Ann Intern Med. 1998 Aug 1;129(3):221-8. doi: 10.7326/0003-
4819-129-3-199808010-00011. PMID: 9696731.

Siegel LS, Johnson-Winegar AD, Sellin LC. Effect of 3,4-diaminopyridine on the survival of mice
injected with botulinum neurotoxin type A, B, E, or F. Toxicol Appl Pharmacol. 1986 Jun
30;84(2):255-63. doi: 10.1016/0041-008x(86)90133-x. PMID: 3715874.

Simpson LL. Identification of the major steps in botulinum toxin action. Annu Rev Pharmacol
Toxicol. 2004;44:167-193. doi: 10.1146/annurev.pharmtox.44.101802.121554. PMID:
14744243,

Simpson LL, Dasgupta BR. Botulinum neurotoxin type E: studies on mechanism of action and on
structure-activity relationships. J Pharmacol Exp Ther. 1983 Jan;224(1):135-140. PMID:
6294275.

Sobel J. Botulism. Clin Infect Dis. 2005 Oct 15;41(8):1167-73. doi: 10.1086/444507. Epub 2005
Aug 29. PMID: 16163636.

SOP VM-11-202, Small Animal (Rodent) and Rabbit Husbandry, USAMRICD, APG, MD.

Sudhof TC, Rizo J. Synaptic vesicle exocytosis. Cold Spring Harb Perspect Biol. 2011 Dec
1;3(12):a005637. doi: 10.1101/cshperspect.a005637. PMID: 22026965; PMCID:
PMC3225952.

Tacket CO, Shandera WX, Mann JM, Hargrett NT, Blake PA. Equine antitoxin use and other
factors that predict outcome in type A foodborne botulism. American Journal of
Medicine 1984;76(5):794-8.

Thakkar N, Guptill JT, Ales K, Jacobus D, Jacobus L, Peloquin C, Cohen-Wolkowiez M, Gonzalez
D; DAPPER Study Group. Population Pharmacokinetics/Pharmacodynamics of 3,4-
Diaminopyridine Free Base in Patients With Lambert-Eaton Myasthenia. CPT
Pharmacometrics Syst Pharmacol. 2017 Sep;6(9):625-634. doi: 10.1002/psp4.12218.
Epub 2017 Jul 24. PMID: 28623849; PMCID: PMC5613184.

Tighe AP, Schiavo G. Botulinum neurotoxins: mechanism of action. Toxicon. 2013 Jun 1;67:87-
93. doi: 10.1016/j.toxicon.2012.11.011. Epub 2012 Nov 29. PMID: 23201505.

Tsai YC, Kotiya A, Kiris E, Yang M, Bavari S, Tessarollo L, Oyler GA, Weissman AM.
Deubiquitinating enzyme VCIP135 dictates the duration of botulinum neurotoxin type A
intoxication. Proc Natl Acad Sci U S A. 2017 Jun 27;114(26):E5158-E5166. doi:
10.1073/pnas.1621076114. Epub 2017 Jun 5. PMID: 28584101; PMCID: PM(C5495235.

Vazquez-Cintron E, Machamer J, Ondeck C, Pagarigan K, Winner B, Bodner P, Kelly K,
Pennington MR, McNutt P. Symptomatic treatment of botulism with a clinically

44



approved small molecule. JCI Insight. 2020 Jan 30;5(2):e132891. doi:
10.1172/jci.insight.132891. PMID: 31996484; PMCID: PMC7098712.

Vohra MM, Pradhan SN, Jain PC, Chatterjee SK, Anand N. Synthesis and structure-activity
relationships of some aminopyridines, imidazopyridines, and triazolopyridines. ] Med
Chem. 1965 May;8:296-304. doi: 10.1021/jm00327a006. PMID: 14323137.

Wang D, Krilich J, Baudys J, Barr JR, Kalb SR. Optimization of peptide substrates for botulinum
neurotoxin E improves detection sensitivity in the Endopep-MS assay. Anal Biochem.
2015 Jan 1;468:15-21. doi: 10.1016/j.ab.2014.08.026. Epub 2014 Sep 16. PMID:
25232998; PMCID: PM(C4583364.

Wang HH, Riding S, Lindo P, Singh BR. Endopeptidase activities of botulinum neurotoxin type B
complex, holotoxin, and light chain. Appl Environ Microbiol. 2010 Oct;76(19):6658-63.
doi: 10.1128/AEM.00731-10. Epub 2010 Aug 6. PMID: 20693440; PMCID: PMC2950459.

Wirtz PW, Verschuuren JJ, van Dijk JG, de Kam ML, Schoemaker RC, van Hasselt JG, Titulaer MJ,
Tjaden UR, den Hartigh J, van Gerven JM. Efficacy of 3,4-diaminopyridine and
pyridostigmine in the treatment of Lambert-Eaton myasthenic syndrome: a randomized,
double-blind, placebo-controlled, crossover study. Clin Pharmacol Ther. 2009
Jul;86(1):44-8. doi: 10.1038/clpt.2009.35. Epub 2009 Apr 8. PMID: 19357643.

Wong AD, Ye M, Levy AF, Rothstein JD, Bergles DE, Searson PC. The blood-brain barrier: an
engineering perspective. Front Neuroeng. 2013 Aug 30;6:7. doi:
10.3389/fneng.2013.00007. PMID: 24009582; PMCID: PMC3757302.

Young DL, Halstead LA. Pyridostigmine for reversal of severe sequelae from botulinum toxin
injection. J Voice. 2014 Nov;28(6):830-4. doi: 10.1016/j.jvoice.2014.04.010. Epub 2014
Jul 5. PMID: 25008379.

Zhang N, Hong D, Ouyang T, Meng W, Huang J, Li M, Hong T. 3,4-diaminopyridine treatment for
Lambert-Eaton myasthenic syndrome in adults: a meta-analysis of randomized
controlled trials. BMC Neurol. 2021 Sep 25;21(1):371. doi: 10.1186/s12883-021-02405-
3. PMID: 34563155; PMCID: PMC8464094.

45



PART 2 - Determine LD50 of BONT/A in the Rabbit

1. INTRODUCTION AND RATIONALE

The preceding studies with demonstrated that the FDA approved drug 3,4-
diaminopyridine (3,4-DAP) was able to protect rats against BONT/A-induced toxicity and
lethality at challenge doses up to 4 LDso. 3,4-DAP also showed some promise for alleviating the
toxic signs of exposure to BONT/B and BoNT/E. These 3 serotypes account for most of the
outbreaks of botulism worldwide.

To perform more advance studies, it is necessary to develop a large animal model to be
able to carry out pharmacokinetic and other studies with 3,4-DAP. Non-human primates (NHPs)
were traditionally used for carrying out such studies for BONT therapeutics (e.g., heptavalent
antitoxin) under the FDA’s animal rule. NHPs, however, have become difficult to procure and
are cost prohibitive. New Zealand rabbits have been proposed as a replacement for NHPs and
have the following attributes: they are sensitive to all 7 BoNT serotypes and studies by a
colleague at the Israel Institute of Biological Research have shown that they can be kept alive at
near lethal doses of BoNT for at least one month with supportive care (Torgeman et al., 2021).
Moreover, the onset and progression of intoxication can be monitored quantitatively by
measurement of respiratory minute volume, thus providing a trigger-to-treat model. Finally,
Torgeman et al. (2021) demonstrated that rabbits can be infused with drugs such as 3,4-DAP
using a wearable infusion pump. The study described in this report was designed to determine
the LDso of BONT/A in the rabbit, as a first step to studies of evaluating the efficacy of 3.4-DAP
in rabbits challenged with BoNT/A, BoNT/B and BoNT/E.
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2. METHODS AND GENERAL APPROACH

2.1. Preparation of toxin stock solution. A new vial of BONT/A (Lot no. A113021-01) was
purchased from Metabiologics, Inc. (Madison, WI) at the start of the project. The vial contained
100 pg of pure BoNT/A neurotoxin in a 100 pL aqueous solution containing 0.2% gelatin, 100
mM sodium phosphate and 50 mM sodium chloride (pH 7.4), with a nominal specific activity of
2.5 x 108 mouse LD50 units (MU) per mL. To prepare stock solutions, the vial was thawed and a
5 uL aliquot was removed and diluted with 495 pL of sterile phosphate buffered saline (PBS)
containing 0.2% gelatin (gelatin phosphate buffer, GPB) to yield a 10 ng/uL toxin solution. This
stock solution was dispensed in 20 pL aliquots and frozen at -80 oC until use. Prior to each
experiment, one tube of the stock solution was further diluted with GPB solution as appropriate
to obtain working concentrations suitable for toxicity testing. The role of gelatin was to
preserve stability of toxin during successive dilutions. A new vial of the 10 ng/uL stock solution
was used for each experiment to minimize potential loss of BONT/A activity from freeze-thaw
damage. All toxicity studies described in this report were performed with dilutions of the
original 5 pL aliquot of BoNT/A, and each vial of toxin was subjected to the same number of
freeze-thaw cycles (2) to ensure consistency. Toxin dilutions were carried out in a class Il, type
A2 biosafety cabinet.

2.2. Supportive care for BONT/A-intoxicated rabbits. Supportive care is required to prevent
BoNT/A-intoxicated rabbits from dying due to dehydration or starvation and is appropriate
since similarly intoxicated humans would receive supportive care in a hospital setting (Rao et
al., 2021). Thus, rabbits that were unable to reach food sources due to muscle weakness and
limited mobility were fed nutritional gels such as DietGel Boost®. More severely intoxicated
rabbits also received subcutaneous (s.c.) injections of an electrolyte solution such as
Duphalyte® diluted 1:1 with 0.9 saline (50 mL/injection) twice daily to treat dehydration.

2.3. Determine the intraperitoneal (i.p.) LDso of BONT/A in mice to establish the specific
activity of BONT/A lot no. A113021-01. Because of the steep dose response curve for
BoNT/A-mediated toxicity, small lot-to-lot variations in specific activity can dramatically affect
lethality (Sesardic et al. 2003). Potency testing must therefore be carried out by the user when
precise knowledge of specific activity is essential. In accordance with convention, we
determined the potency of BoNT/A with the mouse lethality assay using i.p. administered toxin
as described by Pearce et al. (1994). Five doses of BONT/A were tested with 10 mice per dose.
The doses were selected to approximate the Metabiologic’s nominal LDsgof 0.20 ng/kg and
were incremented or decremented by factors of ~1.5 as suggested by Pearce et al. (1994).

In the dose range studied (0.096 - 0.480 ng/kg), the first sign of intoxication was
generally the presence of a “wasp waist,” which is an indication of diaphragmatic weakness.
This was observed across all doses and was usually detectible within 1 day of exposure. With
time, additional signs were observed, most frequently lethargy often accompanied by hind-limb
weakness. The majority of mice in the higher dose groups (= 0.216 ng/kg) exhibited these
additional signs on day 1 and progressed to more extensive paralysis, culminating in respiratory
distress and mortality by day 2 or 3 after exposure (Table 1). By day 3, 20 of 30 mice (67%) at
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the 3 highest doses were found dead or met criteria to be humanely euthanized. Mice were
euthanized when they exhibited respiratory distress, gross hematuria, excessive weight loss (>
35%), or attained cumulative a Clinical Severity (CS) score of 16 or greater. Euthanized animals
were counted the same as those that were found dead. Most of the deaths occurred by day 3,
and only two additional deaths were observed between day 3 and day 5 (Table 1).

Table 1: Lethality of BONT/A in CD1 Mice?

% dead
D D D D D
BoNT/A ay | bay | bay ) bay | bay
1 2 3 4 5
ng/kg | N=

0.096 10 10 10 10 30 30

0.144 10 20 20 40 40 40

0.216 10 10 40 60 60 60

0.336 10 30 60 60 60 60

0480 | 10 | 40 | 70 | 80 | 8o | 80

aMlice of either sex (21-34 g) were injected i.p. with 200 puL BoNT/A on Day 0 and observed for toxicity
and lethality for a consecutive 5-day period.

The effect of BONT/A on lethality at day 5 is plotted in Figure 1. The marked steepness
of the dose-lethality relationship is apparent from the fact that lethality occurred over a narrow
dose range of just over a half log unit. The LDso determined from the data in Figure 1 was 0.187
ng/kg with 95% confidence interval = 0.154 - 0.225 ng/kg (GraphPad Prism, ver. 9.4.1). The
value of 0.187 ng/kg corresponds to 1 mouse unit (MU)/kg for the BoNT/A preparation used in
this study. A standard MU is defined for a 20 g reference mouse and is obtained by multiplying
the MU/kg determined in Figure 1 by 0.020 kg, which yields a value for MU of 0.00374 ng (3.74
pg) for the toxin actually used in this study. This value is somewhat lower than the nominal
mouse LDsp of 4.0 pg provided by Metabiologics. The MU allows comparisons of data obtained
with BoNT/A preparations of different purity and specific activity and is considered to be the
“gold standard” for determination of toxin potency.
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Figure 1. Mouse lethality assay. Each point represents data from 10 mice injected intraperitoneally (i.p.)
with the indicated dose of BoNT/A. Signs, symptoms, and mortality were assessed twice per day. The
points represent cumulative lethality at the end of 5-days of observation. The LDsp of our toxin

preparation was determined from the variable slope-least squares fit to be 0.187 ng/kg, yielding a
value of 3.74 pg for the MU (GraphPad Prism ver. 9.4.1).

2.4. Determine the intramuscular (i.m.) LDso of BONT/A in New Zealand White rabbits.
The LDso of BONT/A was determined in rabbits by the intramuscular (i.m.) route using the up-
and-down procedure (UDP) of Dixon and Massey (1983). The initial weight of the rabbits at the
time of dosing ranged from 2.45 kg to 2.86 kg (mean + SEM = 2.70 + 0.04 kg). The starting dose
was based on the rabbit i.m. LDso of the BoNT/A toxin complex reported by Torgeman et al.
(2021) and the MU contained in our pure BoNT/A neurotoxin determined in Section 2.2. The
rabbits were observed at least 3 times per day for 5 days to assess the signs and symptoms
after intoxication with BoNT/A (Table 2). The stopping point for the UDP method was obtaining
at least 4 live-dead reversals, which was achieved with a total of eight rabbits. Four reversals
are generally used with this method, although a greater number of reversals can provide a
better estimate of the LDso (Zhang et al., 2022).

For the current study, the UDP method was carried out using a custom Excel program
that implemented the mathematical equations of Dixon and Massey (1983); the program was
validated by a biostatistician. The user input consisted of entering a starting value plus the log
interval for subsequent dose progressions and then monitoring the animal for survival or
mortality at the end of a specified time interval (5 days in the current study). After determining
the live/dead status of the first rabbit, the program provided the next dose which was tested on
the second animal; this cycle was repeated until the selected number of reversals were met (or
exceeded).
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3. RESULTS

3.1. LD50 of BoNT/A in New Zealand White Rabbit. Data from the 8 rabbits used in this
study are shown in Figure 2. The starting dose of BoNT/A was 0.480 ng/kg, which led an early
presentation of signs (lethargy and anxiety), a rapid increase in severity (profound muscle
weakness) and the animal succumbing within 2 days of exposure. This suggested that the initial
dose was substantially higher than the actual rabbit i.m. LDso. The next dose tested was 0.288
ng/kg, which produced a less rapid onset of signs and led to mortality within 3 days of
challenge. The third dose, 0.096 ng/kg, generated only mild signs and satisfied the first reversal,
since the rabbit survived the 5-day observation period (Figure 2). The initial 3 doses greatly
narrowed the dose range for calculating the LDso. The 5 subsequent doses were either slightly
above or slightly below the anticipated lethal dose. The 8 rabbits in this study provided 5
live/dead reversals (1 more than required) and enabled the program to calculate the LDs for
BoNT/A as 0.141 ng/kg (95% confidence interval = 0.148 - 0.134 ng/kg). Lethality values in ng/kg
can be expressed as MU/kg by dividing the LDsp and confidence interval by the MU of 0.00374
ng, which was derived from the mouse lethality assay (section 2.2). Converting to mouse units
yields an i.m. LDsg for rabbits of 37.7 MU/kg (0.141 ng/kg divided by 0.00374 ng/MU), with 95%
confidence intervals of 35.8 MU and 39.6 MU.

3.2. Comparison of rabbit LDso with NHP LDso. The rabbit LDsg obtained in this study was
close to the i.m. LDso for BONT/A reported in cynomolgus monkeys (Macaca fascicularis) of 39
MU/kg by Scott and Suzuki (1988). A notable difference, however, was that in the latter, no
systemic toxicity was observed at doses <33 MU/kg, whereas in the rabbit, toxicity was
observed at all doses studied. This suggests that the dose-lethality relationship in Macaca
fascicularis may be even steeper than it is in rabbits. The i.m. BONT/A LDsg in rabbits is also
close to value of 40 MU/kg reported by Herrero et al. (1967) in rhesus monkeys (Macaca
mulatta) exposed to BoNT/A by intravenous (i.v.) injection. Although the different routes of
toxin administration would normally preclude comparison, this is not the case for BoNT which
exhibits similar potency by i.v. and i.m. routes (Sharma, 2010).
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Figure 2. Rabbit LDso study. Each symbol represents one rabbit exposed to the indicated dose of BoNT/A.
D indicates that the rabbit succumbed within the 5-day period of observation; L indicates that the rabbit
survived for 5 days after toxin exposure. Three of the 4 deaths were by euthanasia. A similar scoring
system for BONT/A-mediated toxicity was established for rabbits as that used for rats (see below). The
criterion for euthanasia was attaining a cumulative score of 16 on these signs or the appearance of one
or more of the following: acute respiratory distress, loss of >35% body weight, an SpO2 value of < 80
(measured by pulse oximetry) and cardiac arrhythmia (determined by stethoscopic examination).
Rabbits meeting the criteria for euthanasia were first injected i.m. with a combination of ketamine and
dexmedetomidine for sedation and then injected i.v. with 200 mg/kg sodium pentobarbital followed by
bilateral thoracotomy.

4. DISCUSSION AND CONCLUSIONS

The characteristic signs of BONT/A intoxication in rabbits in general order of onset
consisted of anxiety, lethargy, weight loss, appearance of caecotrophs (sign of impaired Gl
system), limb weakness (most frequently involving the hind-limb) and general paralysis (Table
2). At doses of 41.2 MU/kg (0.154 ng/kg) and 51.3 MU/kg (0.192 ng/kg), toxic signs progressed
to respiratory distress (indicated by SPO; readings of ~80% and arrhythmia). Heart rate and
SPO;, were not determined in the first two rabbits, but a reduced frequency of respiration was
observed in both animals.

In general, the onset of signs and their severity were dose-dependent; the most
frequent initial signs, regardless of dose, were anxiety and lethargy. These were usually
observed prior to the development of overt muscle weakness. Weight loss, which was also
frequently observed, may have resulted from difficulty in swallowing, decreases in intestinal
smooth muscle tone and impairment of autonomic control of the Gl tract (Adler et al., 2019).
The prominence of Gl signs in BONT/A intoxication may be somewhat unique to rabbits,
perhaps as a consequence of their complex digestive system (Davies, 2003).
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An encouraging result from this study was the finding that one can elicit clear signs of
systemic botulism in the rabbit over a relatively wide dose range with animals surviving for at
least 5 days. This would allow for the testing of MCMs such as protease inhibitors and
aminopyridines, since in vivo efficacy should be demonstrable in this time frame. This study,
and that of Torgeman and colleagues (2021) suggest that the rabbit is a suitable large animal
model for development of MCMs for BONT/A intoxication and can potentially fill the void
created by the current shortage of typical NHP models.

Table 2. Summary of toxic signs of rabbits intoxicated by BoNT/A.

. Onset Time of
Ar:\:mal IVII)SSE Dos;(e of Signs* Comments Death/

o. | (MU/kg) | (ng/ke) toxicity Euthanasia**

1 1283 | 048 | 3h |12345,6 |Cnusuallyrapidonset 2 days***
with highly severe signs
Rapid progression from

2 77 0.288 | 2days | 1,2,3,4,5,6 | first signs (lethargy) to 3 days
death

3 25.7 0.096 | 4 days 1,4 Mild transient signs Survived
Rapid progression from

4 51.3 0.192 2days | 1,2,3,4,5,6 | first signs to death; Low 2.3 days
Sp02 (79%); arrhythmia
Delayed onset but

5 33.4 0.125 3 days 1,2,3,4,6 | moderately severe signs Survived
fromdays3to 5
Major sign was weight

6 28.3 0.106 | 3 days 1,2,4,6 loss; lethargy developed Survived
onday5
Signs developed
gradually but at day 4

7 41.2 0.154 | 2days 2,3,4,6 arrhythmia and low 4 days
Sp02 (78%) were
observed

8 257 | 0096 | 3days | 2346 |DeiAyedonset Mild Survived
signs up to day 5

*Signs: 1 = Anxiety; 2 = Lethargy; 3 = Limb weakness; 4 = Weight loss, 5 = General paralysis, 6 = Visible
caecotrophs (sign of impaired Gl system).
**Rabbits were humanely euthanized if they lost >35% body weight, exhibited cardiac arrythmia or
were in respiratory distress.

***days following exposure; exposure is defined as day 0.
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