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Botulinum neurotoxins (BoNTs) are potent neuroparalytic toxins that cause mortality through respiratory paralysis. The
approved medical countermeasure for BoNT poisoning is infusion of antitoxin immunoglobulins. However, antitoxins have
poor therapeutic efficacy in symptomatic patients; thus, there is an urgent need for treatments that reduce the need for
artificial ventilation. We report that the US Food and Drug Administration–approved potassium channel blocker 3,4-
diaminopyridine (3,4-DAP) reverses respiratory depression and neuromuscular weakness in murine models of acute and
chronic botulism. In ex vivo studies, 3,4-DAP restored end-plate potentials and twitch contractions of diaphragms isolated
from mice at terminal stages of BoNT serotype A (BoNT/A) botulism. In vivo, human-equivalent doses of 3,4-DAP
reversed signs of severe respiratory depression and restored mobility in BoNT/A-intoxicated mice at terminal stages of
respiratory collapse. Multiple-dosing administration of 3,4-DAP improved respiration and extended survival at up to 5 LD50
BoNT/A. Finally, 3,4-DAP reduced gastrocnemius muscle paralysis and reversed respiratory depression in sublethal
models of serotype A–, B–, and E–induced botulism. These findings make a compelling argument for repurposing 3,4-
DAP to symptomatically treat symptoms of muscle paralysis caused by botulism, independent of serotype. Furthermore,
they suggest that 3,4-DAP is effective for a range of botulism symptoms at clinically relevant time points.
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Introduction
Botulinum neurotoxins (BoNTs) are a family of  potent protein neurotoxins naturally expressed by 
members of  the Clostridium genus of  anaerobic bacteria (1). BoNTs are the most poisonous substances 
known, with estimated human median lethal dose (LD50) values as low as 0.1–1 ng/kg (2). BoNTs are 
categorized into 7 canonical antigenic serotypes (A–G) and further stratified into over 40 subtypes 
based on primary sequence divergence (3). The therapeutic challenge presented by this diversity is com-
pounded by the ongoing discovery of  noncanonical serotypes and subtypes with unknown toxicokinetic 
properties, as well as genetic engineering of  existing toxins to introduce capabilities (4). BoNT has a 
characteristic heterodimeric protein structure consisting of  a 100-kDa heavy chain (HC) and 50-kDa 
light chain (LC), which are associated through a disulfide bond. HC mediates highly selective and 
efficient binding to endosomal receptors on the presynaptic membrane of  peripheral neurons (5, 6). Fol-
lowing internalization via synaptic endocytosis, LC translocates across the endosomal membrane to the 
presynaptic cytosol, where it specifically cleaves neuronal SNARE (soluble N-ethylmaleimide–sensitive 
factor attachment protein receptor) proteins essential for neurotransmitter exocytosis (2). Cleavage of  
SNAP25 by serotypes A, C, or E; SYB1–3 by serotypes B, D, F, and G; or STX1 by serotype C inhibits 
assembly of  the SNARE protein complex that mediates synaptic vesicle fusion with the presynaptic 
membrane, thereby preventing neurotransmitter release (7, 8).

The clinical syndrome of  botulism results from peripheral blockade of  neurotransmission at neu-
romuscular junctions, autonomic ganglia, and parasympathetic and sympathetic nerve endings (9). 
Depending on the toxic dose, early symptoms of  exposure manifest within 12–72 hours as cranial 
nerve dysfunctions (10). In mild cases, these symptoms fully resolve, but in severe cases, life-threatening 
symptoms of  botulism emerge, including descending flaccid muscle paralysis and respiratory failure. 
At lethal doses, patient survival requires intensive care with parenteral feeding and artificial ventila-
tion. Because many BoNT serotypes exhibit prolonged persistence within the nerve terminal, recovery 
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from lethal doses may require months, during which respiratory support must be continuously sus-
tained and patients remain at risk for life-threatening comorbidities (11–13). Recovery of  neuromuscu-
lar function occurs once LC activity is eliminated, cleaved SNARE proteins have been replaced with 
intact SNARE proteins, and functional motor end-plates have regenerated (if  atrophy has occurred). 
While victims of  lethal exposures are likely to survive if  provided sustained respiratory support, recov-
ery of  normal neurological function can be protracted or never fully occur (14).

Based on the molecular and cellular toxicokinetics of  intoxication (15), a comprehensive thera-
peutic paradigm for botulism would include (a) broad-spectrum antitoxins to terminate exposure, (b) 
intracellular antidotes to block LC proteolysis of  SNARE proteins, and (c) symptomatic treatments that 
enhance neuromuscular function and mitigate muscle weakness, with mechanical ventilation admin-
istered as needed to ensure survival. However, the only approved treatment for botulism is antitoxin, 
which neutralizes BoNTs in the bloodstream and prevents further neuronal uptake (16). Due to the pro-
found acute toxicity of  BoNT, antitoxin efficacy is critically dependent on time of  administration after 
exposure (17–19). The majority of  botulism patients given antitoxin after symptomatic onset require 
mechanical ventilation for survival, even if  antitoxins are administered within 48 hours of  symptomatic 
emergence (13, 20, 21). Thus, there remains a critical need for complementary therapies that promote 
respiratory function and reduce or eliminate the need for ventilation.

It has been proposed that neuromuscular paralysis can be overcome by drugs that increase cholin-
ergic neurotransmission (22, 23). Indeed, we and other groups have shown that aminopyridines such 
as 3,4-diaminopyridine (3,4-DAP) transiently reverse muscle paralysis in a concentration-dependent 
manner (24–27). 3,4-DAP is a selective potassium channel blocker that prolongs neuronal action poten-
tial duration, thereby increasing Ca2+ influx through presynaptic voltage-gated Ca2+ channels (28–30). 
Because vesicle fusion is steeply dependent on Ca2+ levels, 3,4-DAP increases release probability and 
release of  acetylcholine (24, 31, 32). However, aminopyridines have had variable efficacies in treating 
botulism signs and symptoms in preclinical and clinical studies, raising concerns about their efficacy 
and mechanism of  action. For example, aminopyridines have been described to be both effective (33, 
34) and ineffective (35) in reversing toxic signs of  type C botulism in rats. While 3,4-DAP is widely 
described as effective in treating type A botulism paralysis and prolonging survival in rodent studies 
(25, 27, 36), clinical studies variably indicate symptomatic benefit (37) or lack of  benefit (38). Similarly, 
whereas 3,4-DAP has been reported to be ineffective in treating serotype B botulism in rodents (25, 39, 
40), robust therapeutic efficacy was demonstrated in a clinical case of  serotype B botulism involving 
mechanical ventilation (41).

Mechanistic studies conducted in BoNT-intoxicated primary neuron cultures and mouse diaphragms 
demonstrate that 3,4-DAP has multiple effects on the function of  intoxicated nerve terminals, providing 
a plausible explanation for these variable clinical outcomes. First, 3,4-DAP increases quantal content of  
end-plates by serotypes A, B, or E (24). This effect becomes less robust as end-plates are increasingly par-
alyzed, indicating that 3,4-DAP works by increasing the probability of  vesicle fusion at intact release sites 
(i.e., release sites not associated with cleaved SNARE proteins). Second, 3,4-DAP uniquely restores neu-
rotransmission to synapses and neuromuscular junctions fully blocked by BoNT serotype A (BoNT/A) 
(24, 42). This indicates that 3,4-DAP will have increased efficacy against type A botulism, which com-
prises approximately 50% of  botulism cases in the United States (43). Collectively, these findings suggest 
that 3,4-DAP could be effective as a symptomatic treatment for clinical botulism at multiple time points, 
independent of  serotype, and with enhanced potency in cases of  type A botulism.

Here, we test the hypothesis that 3,4-DAP improves respiratory and skeletal muscle paralysis in 
vivo at clinically relevant time points after exposure to BoNT serotypes A, B, and E. These studies 
were conducted in mice intoxicated with up to 5 LD50 of  toxin. Based on correlation of  the rate of  
disease progression between nonhuman primates and clinical patients, 5 LD50 is estimated to repre-
sent an upper range for typical human foodborne exposure to serotypes A, B, or E (44, 45). We found 
that human-equivalent doses of  3,4-DAP reversed limb and respiratory paralysis caused by each BoNT 
serotype. Therapeutic efficacy was most robust during recovery from botulism versus peak paralysis. 
However, 3,4-DAP was uniquely able to reverse terminal respiratory depression and prolong survival 
in mice lethally intoxicated with up to 5 LD50 BoNT/A. Collectively, these results make a compelling 
argument for the clinical evaluation of  3,4-DAP to reduce morbidity and mortality associated with 
acute and chronic symptoms of  botulism.
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Results
DAP reverses neurotransmission failure in diaphragms isolated from BoNT/A-intoxicated mice. We previously 
reported that 3,4-DAP increased nerve-elicited end-plate potentials (EPP) and twitch contraction ampli-
tudes in hemidiaphragm preparations paralyzed by BoNT serotypes A, B, or E (24). These studies involved 
bath intoxication with supraphysiological toxin concentrations to achieve full paralysis during the viable 
window of  diaphragm preparations. To determine whether 3,4-DAP improved neurotransmission in dia-
phragm end-plates following a physiological intoxication, phrenic nerve–diaphragm preparations were 
isolated at 16–20 hours after i.p. injection of  2 LD50 BoNT/A, and the effects of  3,4-DAP on end-plate 
function were analyzed using muscle contraction studies and intracellular recordings. At euthanasia, mice 
presented with generalized muscle weakness, paradoxical abdominal breathing, and agonal respiration, 
indicating recruitment of  accessory respiratory muscles to compensate for diaphragm paralysis (46). In 
comparison with naive controls, intoxicated end-plates exhibited a 98.7% reduction in the frequency of  
spontaneous miniature EPPs (mEPPs; 0.01 ± 0.01 versus 1.10 ± 0.11 Hz; n = 5 each, P < 0.0001, Welch’s 
t test) and 99.6% reduction in the area of  EPPs (0.24 ± 0.03 versus 64.85 ± 6.62 mV·ms; Figure 1, A and 
B). Addition of  10 μM 3,4-DAP increased EPP area by 130-fold (0.24 ± 0.03 to 31.4 ± 3.8 mV·ms), restor-
ing EPPs to nearly 50% of  naive values. In muscle function studies, addition of  10 μM 3,4-DAP increased 
nerve-elicited twitch contraction strengths of  intoxicated diaphragms by 6-fold (0.25 ± 0.08 to 1.71 ± 0.34 
g; Figure 1, C and D). 3,4-DAP enhancement of  EPPs and muscle contraction was fully reversed after 
washout, demonstrating that 3,4-DAP did not irreversibly alter neuromuscular function under these condi-
tions (Figure 1, B and D). These data suggest that 3,4-DAP enhanced neuromuscular function in intoxicat-
ed diaphragms by restoring threshold levels of  acetylcholine release to paralyzed end-plates.

Single-dose 3,4-DAP transiently reverses respiratory depression and paralysis in mice lethally intoxicated with 
BoNT/A. The ability of  3,4-DAP to restore phrenic end-plate function to paralyzed diaphragms suggest-
ed that it would mitigate respiratory depression in vivo. To develop a 3,4-DAP treatment paradigm for 
respiratory botulism, we first determined no-adverse effect levels for 3,4-DAP doses in naive mice (Sup-
plemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.132891DS1). Mild systemic effects emerged with low frequency at 8 mg/kg 3,4-DAP (e.g., hypersal-
ivation, behavioral changes, and unsteady gait) and became prevalent at 16 mg/kg, consistent with clinical 
safety studies indicating acute toxicity at human-equivalent doses (47). Based on these data, subsequent 
studies were conducted at 2 mg/kg 3,4-DAP, which was well tolerated in naive mice. This dose is the murine 
allometric equivalent of  a clinical 20 mg oral dose (48, 49). Pharmacokinetic (PK) analysis of  3,4-DAP plas-
ma levels after s.c. administration demonstrated rapid absorption and distribution, with an estimated maxi-
mum plasma concentration (Cmax) of  821 ng/mL at 8.4 minutes and terminal phase half-life of  29.4 minutes 
(Supplemental Figure 2, A and B). Additional PK parameters are summarized in Supplemental Figure 2C.

The therapeutic effects of  3,4-DAP on toxic signs of  respiratory botulism were first tested in mice chal-
lenged with 2 LD50 BoNT/A. Mice exhibited severe symptoms of  botulism within 16–20 hours, including 
paradoxical abdominal breathing, agonal respiration pattern, and generalized muscle paralysis (50). The 
recruitment of  accessory respiratory muscles to support ventilation is a characteristic response to severe 
diaphragm weakness and manifests in botulism as abdominal paradox, followed by agonal breathing (46, 
51). Thus, reversal of  abdominal paradox concomitant with reduction in agonal respiratory pattern indi-
cates the resumption of  diaphragm function. At the time of  3,4-DAP treatment, the mean clinical severity 
score (CSS) was 8.2 ± 0.5 and mean breaths per minute (bpm) was reduced to 41.3% ± 4.6% of  preintoxi-
cation bpm (185.4 ± 6.4 bpm to 76.5 ± 6.5 bpm; n = 14, P < 0.0001, Welch’s t test). S.c. administration of  
3,4-DAP rapidly resulted in reduced CSS, reversal of  agonal respiration (Figure 2, A and C), and improve-
ment in respiratory rate to 81.5% of  preintoxication levels (Figure 2B). Mouse mobility was significantly 
improved within 0.5 hours of  3,4-DAP treatment (Supplemental Videos 1 and 2, and Figure 2, D and 
E). However, the effects from a single 3,4-DAP administration were transient. CSS and respiratory rate 
returned to baseline intoxicated levels between 1.5 and 2 hours after treatment, while mobility remained 
significantly improved through 2 hours. Correlation of  physiological effects with 3,4-DAP plasma levels 
suggested that symptomatic benefits receded once plasma levels decreased below 25–50 ng/mL (Supple-
mental Figure 2A). In comparison, a 20-mg oral dose results in a Cmax of  30–200 ng/mL 3,4-DAP in 
humans (47), suggesting that 3,4-DAP reversed botulism symptoms at clinically acceptable exposure levels.

3,4-DAP treatment restores respiration and extends survival in terminal BoNT/A-induced respiratory botulism. 
Because a single dose of  3,4-DAP had transient effects on botulism symptoms, we next evaluated the effects 
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of  multiple-dose 3,4-DAP treatments on respiratory function and survival in vivo. These studies were con-
ducted in mice intoxicated by BoNT serotypes A, B, and E, which are historically responsible for over 99% 
of  clinical cases of  botulism in the United States (43). Multiple-dose trials were conducted in metabolic 
cages, allowing for the automated quantitation of  oxygen consumption (VO2) as a surrogate measure of  
respiratory function (52). Preliminary studies confirmed that lethal intoxication with each serotype con-
sistently resulted in a steady decline in VO2 that culminated in death (Supplemental Figure 3, A–C). VO2 
decline emerged secondary to clinical indications of  respiratory depression and, thus, was considered to 
represent the terminal stage of  respiratory botulism (Supplemental Figure 3D). Mice coadministered 1.5 
LD50 BoNT/A with neutralizing antitoxin did not develop toxic signs of  botulism, confirming that respi-
ratory depression was attributable to botulism (Supplemental Figure 3, A–C). Finally, s.c. administration 
of  3,4-DAP significantly increased VO2 in naive mice versus vehicle, confirming physiological effects of  
3,4-DAP at the target dose (Supplemental Figure 3, E and F).

To quantify the effects of repeated 3,4-DAP treatments on BoNT/A-induced respiratory botulism, mice 
intoxicated with 1.5 LD50 BoNT/A were administered 8 s.c. injections of 2 mg/kg 3,4-DAP or vehicle at 90-min-
ute intervals. PK modeling suggested that this dosing strategy would sustain 3,4-DAP plasma levels above 50 ng/
mL without significantly increasing Cmax (Supplemental Figure 2D). Based on preliminary studies comparing 
median time-to-death (TD50) with onset of VO2 decline, we started treatment once average VO2 declined below 
50% of resting VO2. At the start of treatment, the actual VO2 levels were 33.8% ± 4.5% of resting VO2 (Figure 
3A). VO2 increased in response to each 3,4-DAP treatment, with peak VO2 values occurring 17–34 minutes after 
each injection (Figure 3B). In comparison, vehicle had no observable effect on VO2 levels. Average peak VO2 
measured across all 3,4-DAP treatments was 88.3% ± 2.2% of resting VO2 (Table 1), although peak VO2 is likely 
to be underestimated because of the sparse sampling frequency (once every 17 minutes). 3,4-DAP–treated mice 
survived for a median of 6.9 hours after the final treatment, with no mice dying prior to the completion of treat-
ment. In contrast, vehicle-treated mice were deceased by the seventh treatment (Figure 3C). 3,4-DAP treatment 
significantly improved survival and prolonged TD50 compared with vehicle-treated mice (Table 1).

To determine whether 3,4-DAP was effective at higher toxin doses, the effects of  8 consecutive 3,4-
DAP treatments on VO2 and survival were evaluated in mice intoxicated with 5 LD50 BoNT/A. VO2 levels 
declined rapidly after intoxication, consistent with dose-dependent symptomatic onset (53). Treatment 
was initiated when mean VO2 was 36.8% ± 3.0% of  resting VO2 (Figure 3D). VO2 significantly increased 

Figure 1. 3,4-DAP restores end-plate potentials and twitch contractions in isolated hemidiaphragms following in vivo 
intoxication with 2 LD50 BoNT/A. Nerve-diaphragm units were removed from naive or BoNT/A-intoxicated mice, divided 
into hemisections, and separately analyzed for synaptic function or twitch contraction strengths before and after bath 
addition of 3,4-DAP (10 μM). (A) Representative EPP traces from naive diaphragm and BoNT/A-intoxicated diaphragm 
before and after 3,4-DAP addition. Each trace is the average of 20 EPPs recorded from a single end-plate. Scale bar: 
20 mV × 5 ms. (B) A comparison of EPP areas in intoxicated hemidiaphragms before and after 3,4-DAP addition (n = 5 
diaphragms). EPP areas from naive hemidiaphragms are shown for comparison (n = 5 diaphragms, n ≥ 10 end-plates per 
diaphragm). In intoxicated hemidiaphragms, EPP areas were determined from baseline end-plate recordings made prior 
to addition of 3,4-DAP (n ≥ 10 end-plates per diaphragm), in the presence of 3,4-DAP (n ≥ 15 end-plates per diaphragm), 
and after 3,4-DAP washout (n ≥ 10 end-plates per diaphragm). Comparisons among mean EPP areas were made by ordi-
nary 1-way ANOVA with Tukey’s multiple comparisons test (F = 64.4, P < 0.0001). (C) Representative twitch traces from 
naive diaphragm and BoNT/A-intoxicated diaphragm before and after 3,4-DAP addition. Each trace is the average of 6 
consecutive twitches from a single diaphragm. Scale bar: 2 g × 30 ms. (D) Average twitch contraction strengths in naive 
and intoxicated diaphragms (n = 6 each). Statistical comparisons were made using ordinary 1-way ANOVA with Tukey’s 
multiple comparisons test (F = 16.8, P < 0.0001).
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following each 3,4-DAP administration to a mean peak VO2 of  32.3% ± 3.4% (Figure 3E and Table 1).  
Despite the comparatively modest effect of  3,4-DAP on mean VO2 in the 5 LD50 model, 3,4-DAP improved 
survival and prolonged TD50 (Table 1). 3,4-DAP–treated mice survived a median of  1.5 hours after the 
final treatment, with only 1 mouse dying during the treatment period. In contrast, vehicle-treated mice 
were deceased by the fifth treatment (Figure 3F).

Since multiple dosing significantly prolonged survival at both 1.5 and 5 LD50 challenges, we next tested sur-
vival over longer treatment periods. For this study, we chose an intermediate toxin challenge (3 LD50 BoNT/A) 
and administered 15 consecutive treatments of 3,4-DAP or vehicle at 1.5-hour intervals. This treatment strat-
egy was well tolerated in naive mice, with no evidence of adverse effects (Supplemental Figure 1). Treatment 
was initiated when mean VO2 was 31.0% ± 2.9% of resting VO2 (Figure 3G). VO2 increased after each 3,4-
DAP injection, producing a mean peak VO2 that was 54.7% ± 2.3% of resting VO2 (Figure 3H and Table 1). 
3,4-DAP–treated mice survived for a median 4.5 hours after the final treatment, with no mice dying during the 
treatment period. In contrast, vehicle-treated mice were deceased by the sixth treatment (Figure 3I).

Comparison of  average peak VO2 values among the first eight 3,4-DAP treatments in the 1.5, 3 (59.6% 
± 3.5%), and 5 LD50 BoNT/A challenges revealed an inverse relationship between toxin dose and mean 
peak VO2 (linear regression, R2 = 0.88; F = 155.0, P < 0.0001 versus zero-slope), consistent with ex vivo 
studies indicating that 3,4-DAP effects are limited by the severity of  intoxication (24).

3,4-DAP is effective against serotypes A, B, and E when administered at times of  partial paralysis. In contrast 
to BoNT/A studies, 3,4-DAP was administered immediately upon VO2 depression after intoxication with 
serotypes B and E. This was to compensate for the rapid progression of  disease in BoNT/E-intoxicated mice 
(Supplemental Figure 3D) and because preliminary studies showed no efficacy at later treatment times for 
BoNT/B (not shown). However, 3,4-DAP had no effects on VO2 or survival in mice intoxicated with serotype 
B (Figure 4, A–C, and Table 1) or serotype E (Figure 4, D–F, and Table 1). This was surprising, in light of  ex 
vivo findings that 3,4-DAP restored neurotransmission and increased muscle contraction in diaphragms par-
tially intoxicated by both serotypes (24). Thus, we hypothesized that 3,4-DAP would be effective in reversing 
serotype B– or E–induced botulism toxic signs if  administered to less severely intoxicated mice. To test this 
hypothesis, 3,4-DAP was evaluated following injection of  serotypes A, B, or E into the right anterior gastroc-
nemius muscle at doses that caused paralysis of  both gastrocnemius muscles and respiratory muscles, thereby 
allowing the simultaneous evaluation of  3,4-DAP on multiple muscle groups at different stages of  paralysis.

Figure 2. Single administration of 3,4-DAP transiently reverses severe physiological symptoms of botulism. Mice were intoxicated with 2 LD50 BoNT/A 
and administered 3,4-DAP 16–20 hours later, when they presented with severe clinical signs of respiratory depression and neuromuscular weakness (n = 14).  
(A) Images demonstrating longitudinal changes in physiological appearance following 3,4-DAP treatment. Note transition from generalized muscle weak-
ness and severe abdominal paradox to mice that are erect and ambulatory with reduced abdominal paradox. (B) Effects of 3,4-DAP treatment on respi-
ratory rate (measured as breaths per minute; bpm). (C) Effects of 3,4-DAP treatment on clinical severity scores. (D) Representative trajectories reflecting 
total mouse mobility in 30-minute bins. Presented times represent the midpoint of each bin. (E) Grouped effects of 3,4-DAP treatment on overall mobility. 
Mouse mobility was summed across 30-minute bins to match clinical data and normalized to the 30-minute bin prior to 3,4-DAP treatment. Time points 
represent the start of each bin. For B, C, and E, statistical comparisons were made to mean values collected 30 minutes prior to 3,4-DAP administration 
using 1-way repeated measures ANOVA with Dunnett’s multiple comparisons test.
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Intramuscular administration of  0.7 LD50 of  serotype A, 0.7 LD50 of  serotype B, or 1.2 LD50 of  
serotype E produced complete gastrocnemius paralysis (Figure 5, A–C, measured using digit abduc-
tion scores [DAS]) and moderate-to-severe abdominal paradoxical breathing (Figure 5, G–I), without 
causing lethality. Reduction of  VO2 was not observed in pilot studies (not shown); thus, these studies 
did not evaluate VO2. 3,4-DAP or vehicle was administered by s.c. injection at the time of  maximum 
observed toxic effects (3 days for serotypes A and B) and during recovery (7 days for serotypes A and B), 
and the effects on respiratory signs and DAS were evaluated over 4.5 hours (Figure 5, D, E, J, and K). 
This strategy allowed evaluation of  3,4-DAP effects on respiratory and gastrocnemius muscle function 
at peak paralysis, as well as during recovery from paralysis. Serotype E has an extremely short duration 
of  effect; therefore, 3,4-DAP was administered at 1 and 2 days after intoxication (Figure 5, F and L), 
which were the only time points where significant DAS and respiratory symptoms were observed.

Consistent with the more severe paralysis of  gastrocnemius muscles, respiratory function recovered 
more rapidly than gastrocnemius function for all serotypes (Figure 5, G–I, versus Figure 5, A–C). As pre-
dicted, 3,4-DAP was least effective in more paralyzed muscles. For example, 3,4-DAP did not improve 
DAS at 3 days after intoxication with serotypes A or B, but it did improve DAS at 7 days for both serotypes 
(Figure 5, D and E). Similarly, 3,4-DAP was only effective at 2 days in BoNT/E-intoxicated gastrocnemius 
muscles (Figure 5F). In comparison, 3,4-DAP reversed respiratory paralysis at all times, independently of  
serotype (Figure 5, J–L). Under most circumstances, therapeutic benefit fully resolved by 3.5 hours after 
3,4-DAP administration. Collectively, these findings demonstrated that 3,4-DAP reversed neuromuscular 
paralysis caused by multiple BoNT serotypes, with greatest efficacy under conditions of  partial paralysis.

Figure 3. Multiple-dose administration of 3,4-DAP improves oxygen consumption and survival during terminal stages of BoNT/A-induced respiratory 
botulism in mice. Mice were intoxicated with 1.5 LD50, 3 LD50, or 5 LD50 BoNT/A, and 3,4-DAP (2 mg/kg) or vehicle was administered at 90-minute intervals, 
as represented by vertical dashed lines. (A, D, and G) Longitudinal changes in VO2 measured before and after 8 or 15 administrations of vehicle or 3,4-DAP. 
Horizontal dashed lines represent experimentally determined resting VO2 for purposes of comparison. (B, E, and H) Comparisons of mean peak VO2 measured 
between 17 and 51 minutes after 3,4-DAP or vehicle administration. Mean peak VO2 values were normalized to resting VO2 values to indicate how effective 
each treatment of 3,4-DAP was in restoring baseline oxygen consumption. Statistical comparisons were made using 2-way repeated measures ANOVA with 
Sidak’s multiple comparisons test. **P < 0.01. (C, F, and I) Kaplan-Meier survival curves were compared using log rank tests for significance between 3,4-DAP 
and vehicle. Vertical dashed lines represent treatment with vehicle or 3,4-DAP. The number of mice in each experimental group is summarized in Table 1.
 

https://doi.org/10.1172/jci.insight.132891


7insight.jci.org   https://doi.org/10.1172/jci.insight.132891

R E S E A R C H  A R T I C L E

Discussion
BoNT represents a significant public health challenge. In addition to being an endemic foodborne threat, 
the toxin is considered to have high risk of  deliberate misuse because it is easy to produce and distribute, 
highly potent, and difficult to treat (54, 55). The current treatment paradigm for suspected botulism expo-
sure (antitoxin infusion and sustained intensive supportive care) is resource intensive and poorly suited to 
mass casualty scenarios. Furthermore, the limited ability of  antitoxin to prevent respiratory depression and 
collapse in symptomatic patients further complicates treatment strategies, particularly given the limited 
availability of  intensive care facilities (13). If  an intraneuronal antidotal treatment were developed, recov-
ery from neuromuscular paralysis would still be delayed until SNARE proteins were regenerated, which 
will require days of  respiratory support (56, 57). Thus, treatments that promote respiratory function in 
botulism patients will continue to be a critical element of  any comprehensive therapeutic strategy. Here, we 
tested the potential of  3,4-DAP to treat respiratory and skeletal muscle paralysis in murine models of  lethal 
and sublethal botulism caused by BoNT serotypes A, B, and E.

It has long been hypothesized that aminopyridines could reverse botulism symptoms by enhancing 
acetylcholine release (22). Indeed, ex vivo studies support a therapeutic effect for aminopyridines on skele-
tal muscle paralysis (22, 39, 58). However, clinical studies involving a small number of  patients exposed to 
different BoNT serotypes, at different doses, and at different stages of  disease have proven highly inconsis-
tent, leading to uncertainty about therapeutic potential of  aminopyridines (37, 38, 41, 59, 60). In addition 
to variability in preclinical and clinical studies, additional concerns about 3,4-DAP include the potential 
for adverse effects, lack of  USA Food and Drug Administration (FDA) approval, and uncertainties about 
effective doses in reversing botulism symptoms (26, 60). The in vivo studies presented here address these 
concerns by demonstrating that the efficacy of  3,4-DAP is determined by the extent of  paralysis and the 
serotype involved. Furthermore, our results suggest that 3,4-DAP promotes symptomatic benefit at clinical-
ly acceptable levels without causing adverse effects.

3,4-DAP was particularly effective in treating respiratory paralysis caused by BoNT/A intoxication. Under 
physiological conditions, BoNT/A-cleaved SNAP25 (SNAP25197) is recruited to synaptic vesicle fusion assem-
blies, where it primarily exerts an inhibitory role on vesicle release (61, 62). In contrast to other BoNT sero-
types, biochemical and cell-based assays reveal that SNAP25197 remains capable of supporting vesicle release, 
albeit with diminished efficiency in comparison with intact SNAP25 (63–65). Consistent with this finding, 
treatments that increase the probability of synaptic vesicle release — such as voltage-gated Ca2+ channel ago-
nists; 3,4-DAP; or elevated extracellular Ca2+ levels — can restore synaptic function to cultured neurons and 
phrenic nerve–diaphragm preparations silenced by BoNT/A but not by other serotypes (24, 42, 66). The selec-
tive ability of 3,4-DAP to restore release at BoNT/A-paralyzed end-plates may explain its robust effects at 
terminal stages of BoNT/A-induced respiratory botulism in comparison with serotypes B and E (24).

3,4-DAP improves respiratory function and prolongs survival in mice challenged with 1.5–5 LD50 
BoNT/A. However, 3,4-DAP appeared less effective at enhancing VO2 at the end of each treatment series than 
at the beginning. While this could indicate a tolerance to 3,4-DAP, such an effect has not been reported previ-
ously, to our knowledge. Alternatively, since 3,4-DAP was administered during onset of respiratory paralysis, 
peak VO2 levels would be expected to progressively decline until paralysis reached a steady state corresponding 
to the point of maximal toxic effect. Interestingly, peak VO2 responses appeared stable over the final 8 doses of  

Table 1. Summary of TD50 values, percent survival at time of last treatment, and peak VO2 values averaged across all treatments per condition

Serotype: Dose  
(no. of treatments) 

TD50 (h) % Survival at last treatment  
(survivors/total) 

Normalized peak VO2  
(% of resting VO2)

Vehicle 3,4-DAP Vehicle 3,4-DAP Vehicle 3,4-DAP
A: 1.5 U (8) 28.6 41.1A 0% (0/8) 100% (8/8)A 9.4 ± 3.1 88.3 ± 2.2A

A: 3.0 U (15) 20.4 42.5A 0% (0/6) 100% (10/10)A 3.9 ± 1.7 54.7 ± 2.3A

A: 5.0 U (8) 10.8 19.3A 0% (0/6) 90% (9/10)A 6.8 ± 3.0 32.3 ± 3.4A

B: 1.5 U (8) 31.0 27.6 60% (3/5) 70% (7/10) 68.0 ± 8.1 72.1 ± 8.5
E: 1.25 U (8) 12.8 11.9 0% (0/6) 0% (0/10) 29.3 ± 5.6 30.0 ± 2.1

Statistically significant differences compared with vehicle are presented in bold. Data were analyzed using log rank tests of Kaplan-Meier survival curves for 
TD50 comparisons, Fisher’s exact test for survival proportions, and 2-way repeated measures ANOVA with Sidak’s test for normalized peak VO2. 

AP < 0.001.
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the 24-hour multiple-dosing study (Figure 3C), suggesting that the progression of respiratory paralysis had sta-
bilized. The putative ability of 3,4-DAP to sustain acute survival at the time of maximum respiratory paralysis 
suggests that chronic treatment may promote long-term survival from BoNT/A botulism.

In contrast to the robust efficacy in BoNT/A-intoxicated mice, 3,4-DAP had no effect on VO2 or 
survival in mice intoxicated with serotypes B or E. These findings appeared inconsistent with ex vivo 
data (24), as well as with a clinical study in which 3,4-DAP was effective in treating a confirmed case 
of  serotype B botulism (41). However, the failure of  3,4-DAP to improve VO2 in serotype B– or E–
intoxicated mice can be explained if  late stages of  respiratory botulism involve the total paralysis of  
respiratory end-plates (24). Indeed, in Figure 1, we found that diaphragms collected from mice display-
ing paradoxical abdominal and agonal breathing had near-complete neurotransmission failure. This 
hypothesis has the additional implication that 1 or more accessory respiratory muscles (e.g., intercostals 
or abdominal muscles) can transiently sustain respiratory function following total diaphragm paralysis. 
Currently, the relative sensitivities of  respiratory muscle groups to BoNT are unknown.

In contrast to the inability of  3,4-DAP to treat terminal stages of  respiratory botulism caused by serotype 
B or E, 3,4-DAP was effective in reversing partial respiratory depression following sublethal intoxication for 
all 3 serotypes. 3,4-DAP also reversed moderate gastrocnemius paralysis during the recovery phase, indepen-
dent of  serotype, but had little effect on gastrocnemius function at peak paralysis. These results are consistent 
with mechanistic studies demonstrating that 3,4-DAP’s primary effect in the nerve terminal is to enhance 
release probability (24). Thus, in addition to exhibiting specific potency against BoNT/A-induced respi-
ratory botulism, 3,4-DAP is most effective under conditions of  partial intoxication by any serotype, when 
nerve terminals contain both intact and impaired release sites (24). For example, 3,4-DAP has potential to 
be highly effective in treating symptoms of  sublethal and low-dose intoxications. Following high-dose intox-
ications, 3,4-DAP is anticipated to be effective during symptomatic onset, when patients exhibit respiratory 
depression but not complete respiratory failure (as demonstrated in Figures 2 and 3), and during recovery 
from paralysis, as increasing numbers of  release sites become available to undergo fusion over a period of  
weeks to months (e.g., see Figure 5, A–C). Given this broad temporal window for treatment, we propose 
that chronic administration of  3,4-DAP will reduce the severity and duration of  neuromuscular weakness 
until patients have fully recovered, with greatest efficacy before and after peak paralysis. This is corroborated 

Figure 4. 3,4-DAP does not improve VO2 or survival during terminal stages of BoNT/B- and BoNT/E-induced respirato-
ry botulism in mice. Mice were intoxicated with 1.5 LD50 BoNT/B or 1.25 LD50 BoNT/E and 3,4-DAP (2 mg/kg), or vehicle 
was administered at 90-minute intervals, as represented by vertical dashed lines. (A and D) Longitudinal changes in VO2 
measured before and after 8 administrations of vehicle or 3,4-DAP. Horizontal dashed lines represent experimentally 
determined resting VO2 for purposes of comparison. (B and E) Comparisons of mean peak VO2 measured between 17 and 
51 minutes after each 3,4-DAP or vehicle administration revealed no significant effect of 3,4-DAP at any time point. Two-
way repeated measures ANOVA with Sidak’s multiple comparisons test were used. (C and F) Log rank (Mantex-Cox) tests 
reveal no differences in Kaplan-Meier survival curves between 3,4-DAP and vehicle for BoNT/B or BoNT/E. The number of 
mice in each experimental group is summarized in Table 1.
 

https://doi.org/10.1172/jci.insight.132891


9insight.jci.org   https://doi.org/10.1172/jci.insight.132891

R E S E A R C H  A R T I C L E

by clinical data showing that 3,4-DAP was effective in treating moderate respiratory symptoms caused by 
serotypes B (41) and E (60), but did not provide symptomatic relief  when administered to fully paralyzed 
patients requiring long-term mechanical ventilation from BoNT/A botulism (38, 59). Increased neurotrans-
mission in response to chronic 3,4-DAP treatment may also have secondary therapeutic effects on recovery 
from botulism, such as reducing or preventing neuromuscular atrophy caused by muscle disuse (67).

3,4-DAP is a potentially important adjunct to the FDA-approved heptavalent botulism antitoxin (HBAT). 
Because the clinical benefit of  HBAT is limited to halting progression of  botulism rather than speeding 
recovery, 70% (of  104 cases) of  confirmed botulism cases that received HBAT still required mechanical ven-
tilation for a median of  18 days. Furthermore, 89% suffered neurological deficits and/or persistent subjective 
muscle weakness after discharge (13). Our findings suggest that 3,4-DAP would be particularly effective in 
mitigating chronic muscle weakness resulting from delayed HBAT administration, thus accelerating overall 
recovery. Clinically, this would be anticipated to reduce the risk of  life-threatening hospital-acquired diseas-
es, decrease treatment costs, and free limited resources for other critical patients (19, 68). 3,4-DAP works 
orthogonally to HBAT; therefore, the risks of  adverse drug interactions are low. BoNT uptake into neurons is 

Figure 5. 3,4-DAP has serotype-independent effects on respiratory and skeletal muscle function under conditions of partial paralysis. Mice were adminis-
tered 0.7 LD50 of BoNT/A, 0.7 LD50 of BoNT/B, or 1.2 LD50 of serotype E into the medial gastrocnemius muscle, and acute effects of vehicle or 3,4-DAP (2 mg/
kg, s.c.) on digit abduction scores (DAS) and respiratory signs were monitored over 5 hours. n = 20 for each serotype, divided equally into 3,4-DAP and vehicle 
treatment groups. (A–C) Mice digit abduction scores were characterized for up to 5 weeks after intoxication with BoNT/A (A), BoNT/B (B), or BoNT/E (C). 
Arrows depict days on which mice were administered 3,4-DAP or vehicle. The rapid recovery from BoNT/E botulism required that treatments be evaluated on 
days 1 and 2 after intoxication, as opposed to the 3- and 7-day treatments that were used for the other serotypes. (D–F) Longitudinal effects of 3,4-DAP or 
vehicle on DAS. Asterisks indicate time points at which mean DAS were different between vehicle-treated and 3,4-DAP–treated mice. P < 0.01, using 2-way 
repeated measures ANOVA with Sidak’s multiple comparisons test. (G–I) Respiratory signs of botulism were characterized for up to 5 weeks after intoxication 
with BoNT/A (G), BoNT/B (H), or BoNT/E (I) in the same mice as in A–C. (J–L) Longitudinal effects of 3,4-DAP or vehicle on respiratory symptoms. Asterisks 
indicate time points at which mean respiratory symptoms were different between vehicle-treated and 3,4-DAP–treated mice. P < 0.01, using 2-way repeated 
measures ANOVA with Sidak’s multiple comparisons test.
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activity dependent (5, 6). Because 3,4-DAP increases compensatory synaptic endocytosis, it is possible that 
increased synaptic activity would potentiate BoNT/A uptake. However, this effect was not apparent in previ-
ous ex vivo studies involving supraphysiological toxin concentrations (24), nor was it observed in comparing 
disease progression and median times-to-death for serotypes B and E (Figure 4).

The phosphate salt form of  3,4-DAP (Firdapse) is an FDA-approved, first-line symptomatic treat-
ment for Lambert-Eaton myasthenic syndrome (LEMS), which is an autoimmune disease characterized 
by reduced quantal content and muscle weakness (69). 3,4-DAP is a safe and well-tolerated drug that can 
be chronically administered without cumulative toxicity; thus, it could be used to treat persistent botulism 
symptoms (47, 70). The median effective 3,4-DAP plasma concentration for treatment of  LEMS is 29.8 ± 
10.7 ng/mL, and the approved dose is 10 mg orally, 4 times a day (47). In practice, the dose is adjusted based 
on the severity of  disease and to compensate for differential metabolism of  3,4-DAP (70, 71). Although esti-
mating effective plasma levels from loss of  pharmacodynamic effect can be misleading, symptomatic benefit 
for BoNT/A-induced respiratory botulism occurred at 3,4-DAP plasma concentrations of  25–50 ng/mL, 
consistent with those used for treatment of  LEMS (48, 49). Because the therapeutic mechanism of  action 
of  3,4-DAP is identical for botulism and LEMS, 3,4-DAP may be effective against both diseases at equiv-
alent doses. However, it remains to be determined whether doses that are safe and effective in LEMS will 
be effective in treating botulism symptoms. Furthermore, while 3,4-DAP is administered orally for LEMS, 
dysphagia is an early symptom of  botulism; thus, oral administration of  3,4-DAP may be initially difficult. 
Alternatively, since adverse effects of  3,4-DAP appear to be primarily driven by Cmax as opposed to total drug 
exposure (Supplemental Figure 2), treatment strategies that reduce Cmax while maintaining effective plasma 
levels may improve symptomatic benefit without toxic effects.

Collectively, these data make a compelling preclinical case for use of  3,4-DAP to treat a range of  botu-
lism symptoms. While 3,4-DAP is particularly effective in treating serotype A botulism, we have also iden-
tified serotype-independent benefits in partially intoxicated muscles. 3,4-DAP has a well-established safety 
profile and, at approved doses, is unlikely to cause toxic effects if  used alone or in combination with HBAT. 
In light of  the recent FDA approval of  Firdapse for treatment of  LEMS and preliminary clinical evidence 
of  efficacy in mitigating botulism symptoms (37, 41), these studies strongly support further clinical evalua-
tion of  3,4-DAP as a symptomatic treatment for botulism at multiple stages of  disease.

Methods
Animals. Female CD-1 mice (8–12 weeks of  age; Charles River Laboratories) were group-housed, main-
tained on a 12-hour diurnal cycle, and provided a standard diet with regular enrichment and water ad 
libitum. Mice were randomly assigned to groups for all experiments.

Reagents. BoNT serotypes A1 (2.5 × 108 LD50/mg) and B1 (1.1 × 108 LD50/mg) were purchased from 
Metabiologics Inc. at 10 μg/mL and stored at 4°C. Specific activities for each serotype were confirmed 
using the mouse i.p. LD50 assay (72). Briefly, mouse i.p. lethality was determined for at least 6 doses of  each 
toxin with 5 mice per dose. Survival rates at 96 hours after intoxication were used to calculate LD50 values 
using the probit method. One mouse i.p. LD50 was defined as 1 unit (U). BoNT serotype E was purchased 
from Metabiologics and activated by incubation in 0.05 M sodium phosphate buffer (pH 6.5) with 0.3 mg/
mL TripLE trypsin (Sigma-Aldrich) at 37°C for 60 minutes (73). Trypsin was neutralized by addition of  4 
volumes of  soybean trypsin inhibitor and 10% glycerol, and the activated toxin was aliquoted and stored 
at –80°C. The LD50 of  activated toxin was determined to be 3 × 107 LD50/mg. 3,4-DAP (free base) and all 
components of  Tyrode’s solution, containing (in mM) 137 NaCl, 5 KCl, 1.8 CaCl2, 1 MgSO4, 24 NaHCO3, 
1 NaH2PO4, and 11 D-glucose, pH 7.4, were purchased from Sigma-Aldrich. μ-Conotoxin GIIIB was pur-
chased from Alomone Labs and diluted to working concentrations in Tyrode’s solution immediately prior 
to use. Sheep antitoxin against BoNT/A was a gift of  Charles Shoemaker (Cummings School of  Veterinary 
Medicine at Tufts University, North Grafton, Massachusetts, USA)

In vivo studies. Mice were administered vehicle or BoNT in physiological saline with 0.2% gelatin 
(Thermo Fisher Scientific) and 0.3% BSA (Sigma-Aldrich) by i.p. injection. For safety studies, mice 
were administered 0–16 mg/kg 3,4-DAP by s.c. injection. For efficacy studies, mice were administered 
2 mg/kg 3,4-DAP by s.c. injection. Injection sites were varied during multiple-dose administrations 
to reduce animal distress. Injection of  toxin to the right gastrocnemius muscle were performed with a 
Hamilton syringe in anesthetized mice. To increase validity, every in vivo study included an intoxicat-
ed and vehicle-treated cohort.
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For VO2 studies, mice were individually housed in Oxymax CLAMS metabolic caging (Columbus 
Instruments), and VO2 and volume of  exhaled CO2 (VCO2) were measured for 1 minute at 17-minute 
intervals. Mice were acclimated to metabolic cages for at least 2 days prior to starting studies. The average 
resting VO2 of  3306 ± 146 mL/kg/h (mean ± SD, n = 16) was determined by averaging VO2 levels mea-
sured over 4 consecutive days between the hours of  9 am and 3 pm for each mouse and then averaging 
among mice. Onset of  respiratory disease was defined as the point where instantaneous VO2 first decreased 
more than 3 SDs below resting VO2 (e.g., 2868 mL/kg/h), and death was empirically determined to occur 
once VO2 dropped below 350 mL/kg/h. Resting VO2 values remained consistent across all experiments. 
Multiple-dosing studies in metabolic cages were conducted with 4–8 mice at a time, randomly assigned to 
vehicle and 3,4-DAP treatment cohorts.

Clinical severity scoring (CSS) was conducted by at least 3 blinded participants. A CSS rubric used 
in guinea pigs and nonhuman primates was modified to remove ptosis and hypersalivation, which are 
either absent or difficult to reliably measure in mice (44). The resulting modified CSS rubric was (scores 
are cumulative): mild abdominal paradox (score of  1), moderate abdominal paradox (score of  2), severe 
abdominal paradox and/or agonal respiratory pattern (score of  3), lethargy (score of  1), generalized 
body weakness (score of  2), total body paralysis (lack of  righting reflex, score of  3), or death (16). For 
evaluation of  respiratory function in the sublethal botulism model, 3 participants blinded to the treat-
ment groups solely scored respiratory toxic signs on a 0–3 scale.

DAS was used to determine the degree of  flaccid muscle paralysis after a local intramuscular injection 
of  BoNT in the right gastrocnemius muscle of  mice (74, 75). Briefly, mice were suspended by their tails to 
elicit a startle response, in which the mouse extends its hind limbs and abducts its hind digits. The spread 
and pattern of  hind digits was assessed using an established scoring system that ranges from 0 (full abduc-
tion or movement from the midline from the digit in proximity) to 4 (full paralysis, or inability to abduct 
any digits). DAS was conducted by 3 participants blinded to the treatment groups.

Automated tracking of  mouse activity. Mouse activity was tracked using the markerless pose estimation 
program DeepLabCut as described (76). Briefly, lethally intoxicated mice were recorded at 30 frames per 
second for at least 5.5 hours, starting 30 minutes prior to 3,4-DAP treatment. A neural network was trained 
on mouse features (base of  tail and left ear) using 200 video frames with a Quadro M4000 graphics processor 
(Nvidia). Mouse movement was tracked using the coordinate locations of  the trained features, producing a 
100% likelihood of  accuracy (defined as within 5 μm) in greater than 99.9% of  video frames. Distance trav-
eled was initially measured in 5-minute bins. Bins containing greater than 5% of  frames with less than a 75% 
likelihood of  accuracy were excluded from analysis (approximately 2% of  all bins, primarily corresponding 
to periods of  3,4-DAP injections). The resulting data were aggregated into 30-minute bins for consistency 
with clinical scoring data and normalized to the bin collected immediately prior to 3,4-DAP treatment.

PK analysis. For PK analyses, mice (n = 72, average weight 28.6 ± 2.2 g) were randomized into 9 groups 
and deeply anesthetized using isoflurane prior to (time = 0) or at 5, 10, 20, 40, 60, 120, 240, or 480 minutes 
after s.c. administration of  2 mg/kg 3,4-DAP (n = 8 per group). Blood was immediately collected by cardiac 
puncture and spun for 15 minutes at 2000 g, and plasma was stored at –80°C until analyzed. 3,4-DAP levels 
were quantified by standard liquid chromatography tandem mass spectrometry using an Agilent 1290 Infini-
ty liquid chromatograph (Agilent Technologies) with an Ultra Silica 3-μm column (Restek) and a Sciex 6500 
QTrap triple quadrupole mass spectrometer (Sciex). The calibration curve was linear over the concentration 
range of  0.39–1600 ng/mL (r2 = 0.999). Standard PK parameters were calculated from the relationship 
between mean plasma concentrations versus time using PKSolver v2.0 (77). Based on the minimum Akaike 
information criteria (AIC) and visual inspection, a 2-compartment model was selected for PK analyses (78). 
Area under the concentration time curve was determined using the linear trapezoidal rule.

End-plate recordings. End-plate recordings were conducted as previously described (24). Briefly, mice were 
deeply anesthetized with isoflurane and immediately decapitated. Diaphragm and associated phrenic nerves 
were isolated and pinned on a Sylgard dissection dish in oxygenated Tyrode’s solution (in mM: 137 NaCl, 5 
KCl, 1.8 CaCl2, 1 MgSO4, 24 NaHCO3, 1 NaH2PO4, and 11 D-glucose, pH 7.4) at 22°C–24°C. To confirm the 
preservation of phrenic nerve–diaphragm function, the phrenic nerve was stimulated by a bipolar stimulat-
ing electrode (FHC Inc.) with 0.2 ms square-wave pulses with increasing amplitudes (Digitimer) until muscle 
contraction was observed. Muscle contraction was then selectively blocked by 30-minute incubation with the 
muscle-specific voltage-gated Na+ channel blocker μ-conotoxin GIIIB (1–2 μM) (79). Recordings were per-
formed with a Heka EPC10 patch clamp amplifier and sharp glass electrodes (10–20 MΩs) pulled with a Sutter 
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Instrument P1000. Muscles fibers were impaled close to end-plate junctions, and recordings with starting rest-
ing membrane potential (RMP) over –60 mV were discarded. Diaphragms were maintained for no more than 
5 hours, with regular exchanges of oxygenated Tyrode’s solution.

For each muscle fiber, 20 EPPs were recorded at 0.2 Hz stimulation, followed by a 2-minute recording of  
mEPPs. At least 10 end-plate recordings per hemidiaphragm were collected under baseline conditions. Intox-
icated diaphragms were then incubated in 3,4-DAP (10 μM) for 45 minutes with 0.05 Hz stimulation, and at 
least 10 end-plate recordings per hemidiaphragm were collected. 3,4-DAP was then washed out by incubating 
in 37°C oxygenated Tyrode’s for 1 hour, and at least 10 end-plate recordings per hemidiaphragm were collect-
ed. EPP areas were averaged for each end-plate, corrected for nonlinear summation (80), and averaged among 
all end-plate recordings per condition per diaphragm. mEPPs were detected with Axograph event detection 
software (version 1.7.0, Axograph Scientific) from baseline recordings in naive and intoxicated diaphragms.

Myographic recordings. Twitch tension recordings were conducted as previously described (24). Briefly, 
phrenic nerve–hemidiaphragm preparations were mounted in a 55-mL organ bath system (Radnoti) con-
taining Tyrode’s solution at 37°C and continuously bubbled with 95% O2/5% CO2. The tissue was allowed 
to equilibrate for at least 60 minutes with 0.05 Hz stimulation (0.2 ms square voltage pulses at 150% supra-
maximal voltage) using a Powerlab stimulator (AD Instruments). Force measurements were digitized at a 
sampling rate of  1000 Hz using Powerlab data acquisition system and recorded and visualized using Lab-
chart version 8 (AD Instruments). Traces were filtered with a 50-Hz digital low-pass threshold to eliminate 
high-frequency noise. Muscles were discarded as unstable if  they displayed greater than 10% variability in 
tension amplitude during acclimation. Baseline twitch tension was measured for 30 minutes at 0.05 Hz stim-
ulation before 3,4-DAP (10 μM) was added to the bath, and twitch tensions were continuously measured at 
0.05 Hz for 60 minutes. 3,4-DAP was washed out by 3 complete media changes, and nerve-elicited twitch 
tensions were continuously measured at 0.05 Hz for an additional 60 minutes. To determine average respons-
es, the amplitudes of  5 consecutive twitches were averaged for each condition (baseline; 3,4-DAP addition; 
washout) at the end of  each treatment period and then averaged within each group (naive or intoxicated). 
Representative traces were generated by averaging 5 traces per animal for all animals within a condition.

Statistics. Data are presented as mean ± SEM unless otherwise noted. Binary comparisons between means 
were made using 2-tailed Student’s t test with Welch’s correction. Multiple means were compared using ordi-
nary 1-way ANOVA with Tukey’s multiple comparisons test, 1-way repeated measures ANOVA with Dun-
nett’s multiple comparisons test, or 2-way repeated measures ANOVA with Sidak’s multiple comparisons test, 
as indicated in the text or figure legends. Fisher’s exact test was used to compare survival outcomes between 
paired conditions. Kaplan-Meier survival curves were used to determine TD50, and the log rank (Mantel-Cox) 
test was used to compare Kaplan-Meier survival curves. P < 0.05 was considered significant in all comparisons. 
Statistical comparisons were made using Prism version 7 (Graphpad Software). Additional details of statistical 
tests, significance values, and numbers of samples are presented in the results section for nongraphical data or 
described in the corresponding figure and figure legend.
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