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Abstract

Background and Purpose: Botulinum neurotoxin type A1 (BoNT/A) is one of the

most potent neurotoxins known. At the same time, it is also one of the safest thera-

peutic agents used for the treatment of several human disorders and in aesthetic

medicine. Notwithstanding great effectiveness, strategies to accelerate the onset and

prolong BoNT/A action would significantly ameliorate its pharmacological effects

with beneficial outcomes for clinical use.

Experimental Approach: Here, we combined BoNT/A with two fast-acting inhibitors

of excitation–contraction coupling inhibitors (ECCI), either the μ-conotoxin CnIIIC or

dantrolene, and tested the effect of their co-injection on a model of hind-limb paraly-

sis in rodents using behavioural, biochemical, imaging and electrophysiological

assays.

Key Results: The BoNT/A-ECCI combinations accelerated the onset of muscle relax-

ation. Surprisingly, they also potentiated the peak effect and extended the duration

of the three BoNT/A commercial preparations OnabotulinumtoxinA, Abobotulinum-

toxinA and IncobotulinumtoxinA. ECCI co-injection increased the number of BoNT/A

molecules entering motoneuron terminals, which induced a faster and greater cleav-

age of SNAP-25 during the onset and peak phases, and prolonged the attenuation of

nerve-muscle neurotransmission during the recovery phase. We estimate that ECCI

co-injection yields a threefold potentiation in BoNT/A pharmacological activity.

Conclusions and Implications: Overall, our results show that the pharmacological

activity of BoNT/A can be combined and synergized with other bioactive molecules

and uncover a novel strategy to enhance the neuromuscular effects of BoNT/A

Abbreviations: ABO, abobotulinumtoxinA; α-BTX, α-bungarotoxin; BoNT/A, botulinum neurotoxin type A; DAS, Digit Abduction Score; ECCI, excitation–contraction coupling inhibitors; EPP,

endplate potential; INCO, incobotulinumtoxinA; NMJ, neuromuscular junction; ONA, onabotulinumtoxinA; SNAP-25, synaptosomal-associated protein 25; VAChT, vesicular acetylcholine transferase.
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without altering the neurotoxin moiety or intrinsic activity, thus maintaining its

exceptional safety profile.

K E YWORD S

abobotulinum, botulinum neurotoxin, conotoxin, dantrolene, excitation–contraction coupling,
incobotulinum, neuromuscular junction, onabotulinum, spasticity

1 | INTRODUCTION

Botulinum neurotoxin type A1 (BoNT/A) is a Janus-faced clostridial

exotoxin that is one of the most powerful neurotoxins known

(Rossetto et al., 2014; Rossetto & Montecucco, 2019). At the same

time, BoNT/A is one of the safest and most effective therapeutic

treatments used to attenuate peripheral nerve hyperactivity in an

ever-growing number of clinical conditions spanning from human

neuromuscular, autonomic and dermatological disorders to dentistry

and surgery indications (Jabbari, 2021; Jankovic, 2017; Martina

et al., 2021; Pirazzini et al., 2017). In addition, BoNT/A has been

commercialized for a variety of cosmetic applications becoming one

of the most popular and effective treatments ever used in aesthetic

medicine (Carruthers & Carruthers, 2001; Maio & Rzany, 2007).

The vast majority of therapeutic and aesthetic actions are based

on the extreme selectivity of BoNT/A for peripheral cholinergic

nerves, mainly the motor axon terminals, where the toxin potently,

yet reversibly, blocks neurotransmitter release causing neuroparalysis

(Pirazzini et al., 2017; Rossetto et al., 2014). The molecular structure

and the mechanism of action of the neurotoxin have been compre-

hensively defined over the last few decades, contributing significantly

to the understanding of the pharmacological actions of BoNT/A

(Pirazzini et al., 2022, 2017; Rossetto et al., 2001).

BoNT/A consists of a di-chain structure encompassing a 50-kDa

catalytic light chain (LC/A) disulfide-linked to a 100-kDa heavy chain

(H), which folds into three distinct domains fulfilling specific tasks dur-

ing the intoxication of the motor axon terminal (Dong et al., 2019;

Lacy et al., 1998; Montal, 2010; Rossetto et al., 2014). The C-terminal

domain of H (HC, 50 kDa) mediates an extremely selective binding

and entry into neurons (Binz & Rummel, 2009; Dolly et al., 1984;

Montecucco, 1986; Pirazzini et al., 2022), while the N-terminal

domain of H (HN, 50 kDa) is responsible for the low pH-driven

translocation of LC/A into the presynaptic cytosol (Fischer &

Montal, 2013; Pirazzini et al., 2016). LC/A is a Zn+-dependent

metalloprotease that cleaves the synaptosomal-associated protein

25 (SNAP-25) (Blasi et al., 1993; Schiavo et al., 1992, 1993), a protein

essential for the correct functioning of the ‘soluble N-ethylmaleimide-

sensitive fusion protein attachment protein receptors’ (SNARE)

complex, that is, the machinery responsible for the fusion of synaptic

vesicles (SV) with the presynaptic membrane (Pantano &

Montecucco, 2014; Rizo, 2022). As a result, BoNT/A-mediated cleav-

age of SNAP-25 at the neuromuscular junction (NMJ) prevents acetyl-

choline release causing neuromuscular paralysis, which is the basis of

BoNT/A use in human therapy. Neither degeneration nor neuronal

death occur in the intoxicated neurons, making the myorelaxant effect

of BoNT/A fully reversible (Duregotti et al., 2015; Meunier

et al., 2003; Pirazzini et al., 2017; Rossetto et al., 2014). Its duration

mainly correlates with the lifetime of LC/A inside the axon terminals,

reflecting the number of LC/A molecules reaching the synaptic cyto-

plasm that in turn depends on the injected dose (Pantano &

Montecucco, 2014; Pirazzini et al., 2017; Shoemaker & Oyler, 2013).

Three commercial BoNT/A preparations, namely, Onabotulinum-

toxinA (ONA), AbobotulinumtoxinA (ABO) and IncobotulinumtoxinA

(INCO), are available worldwide. Several other BoNT/A products are

marketed in specific areas of the world (Brin et al., 2014; Choudhury

et al., 2021; Jankovic, 2017; Pirazzini et al., 2017; Scaglione, 2016),

and novel preparations are continuously released or under develop-

ment (Choudhury et al., 2021; Dressler & Johnson, 2022). Despite dif-

ferent manufacturing processes, the many BoNT/A preparations

What is already known?

• BoNT/A is a potent neurotoxin safely used for treating

hyperactive motor peripheral nerves.

• BoNT/A is administered via local injections providing

long-lasting pharmacological effects characterized by a

slow onset.

What does this study add?

• Co-injection with fast-acting muscle blockers, such as

ECCI, accelerates onset of pharmacological effects of

BoNT/A.

• Co-injection with ECCI potentiates BoNT/A pharmaco-

logical activity, further prolonging its duration.

What is the clinical significance?

• Accelerated onset and prolonged duration can maximize

BoNT/A effectiveness in conditions requiring frequent

re-injections.

• Faster onset and longer-lasting effects can improve both

the therapeutic and aesthetic use of BoNT/A.
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display a similar pharmacological action reflecting comparable efficacy

and safety profiles in therapeutic and aesthetic indications (Field

et al., 2019; Frevert, 2015).

Due to the extreme potency of the neurotoxin, the clinical use of

BoNT/A preparations is based on local injections and is restricted to

the administration of extremely low doses ranging from picograms

to a few nanograms of toxin (depending on the application). These are

nonetheless able to provide a pharmacological effect persisting

for months (Anandan & Jankovic, 2021; Dressler, 2012; Eleopra

et al., 2020; Hallett et al., 2013; Ledda et al., 2022; Naumann

et al., 2013), at the same time side limiting effects to nearby off target

tissues and decreasing the possibility of developing anti-toxin anti-

bodies (Carli et al., 2009; Pirazzini et al., 2017).

On the other hand, the injection of such minute amounts of toxins

leads to a relatively slow onset of the pharmacological effect of BoNT/

A. A lag phase, lasting from a few to several days, precedes the onset of

myorelaxation and, depending on the injected dose, the treatment

takes up to 2–3 weeks to reach its maximum effect (Anandan &

Jankovic, 2021; Dressler, 2021; Eleopra et al., 2020; Ledda et al., 2022).

We tested whether a combined injection of BoNT/A with fast-

acting muscle blockers could accelerate the onset of the myorelaxant

action of BoNT/A, thereby improving its clinical value in neuromuscular

applications. Among the many natural and synthetic compounds caus-

ing a rapid and effective muscle blockage, we considered two inhibitors

targeting the excitation–contraction (e–c) coupling, that is, the series of

functional events responsible for muscle contraction linking sarco-

lemma depolarization to the release of Ca2+ from the sarcoplasmic

reticulum to trigger myofiber contraction (Franzini-Armstrong, 2018).

We report that the co-injection of BoNT/A with either the μ-

conotoxin CnIIIC (CnIIIC), an inhibitor of muscle NaV1.4 sodium

channels, or dantrolene (DAN), an inhibitor of the ryanodine receptor

1 (RyR) Ca2+ channel, strongly accelerated the myorelaxant action of

ONA, ABO and INCO in a rat model of hind limb paralysis. Unexpect-

edly, we also found that these combinations strongly potentiated and

markedly prolonged the duration of the pharmacological activity of

BoNT/A. Mechanistically, we show that the co-injection with these

e-c coupling inhibitors (ECCI) increased the number of BoNT/A mole-

cules entering motor axon terminals, which mirrored a faster and

greater cleavage of SNAP-25 and a prolonged attenuation of neuro-

muscular transmission at the NMJ. Considering the current attempts

aimed at ameliorating the performance of BoNT therapy, our work

describes an innovative strategy to maximize the pharmacological

effects of BoNT/A without altering the neurotoxin molecule or its

intrinsic toxicity and safety profile.

2 | METHODS

2.1 | Animals

All animal care and experimental procedures complied with the Italian

and French laws and policies and with the guidelines established by

the European Community Council (Directive 2010/63/UE) and were

approved by the veterinary services of the University of Padova

(Organismo Preposto al Benessere degli Animali) and by the French

and Italian Ministries of Health. Animal studies are reported in compli-

ance with the ARRIVE guidelines (Percie du Sert et al., 2020) and with

the recommendations made by the British Journal of Pharmacology

(Lilley et al., 2020).

Swiss-Webster female adult CD1 mice (24–26 g) were purchased

from Charles River Laboratories Italia (Calco, Italy) and maintained

under 12-h light/12-h dark cycles with water and food ad libitum.

Female Sprague–Dawley Rats (200 g) were purchased from

Janvier-Labs (Le Genest-Saint-Isle, France) and kept two per cage with

a 12-h light/12-h dark cycles at around 21�C and 70% humidity.

2.2 | Preparation of BoNT/A solutions for
intramuscular injection

CnIIIC was solubilized in saline solution (0.9% NaCl) at a concentration

of 1 mg�ml�1.

DAN was prepared as a saturated solution in cyclodextrin as pre-

viously described (Chen et al., 2017). This saturated solution was

maintained in agitation for 15 min at 37�C, then centrifuged at 180 x

g for 45 s at room temperature for 45 s and filtered with a 0.22-μm

filter. The concentration was then determined with a spectrophotom-

eter at 394 nm.

ONA, ABO and INCO BoNT/A preparations were reconstituted in

a working solution according to the manufacturer's recommendations

and diluted in saline solution to an injection solution containing

50 pg�ml�1 of 150-kDa neurotoxin, split in aliquots and supplemented

with either bioassay solution (0.9% NaCl 1-mg�ml�1 human albumin) or

the indicated amount of CnIIIC or DAN to reach the indicated concen-

tration of BoNT/A. The content of 150 kDa neurotoxin in ONA, ABO

and INCO was determined as previously reported (Field et al., 2019).

2.3 | Digit abduction score assay

Female Sprague–Dawley rats were injected with the indicated com-

mercial toxin preparations alone or in combination with either CnIIIC

or DAN using a volume of 40 μl in the hind limb at the level of the

tibialis anterior muscle, as previously described (Broide et al., 2013).

This procedure was performed on animals anaesthetised with isoflur-

ane (2% in oxygen). The mice were injected in the hind limb at the

level of the ankle using a Hamilton micro syringe with a 28-gauge

needle with a maximal volume of 25 μl.

The degree of hind limb paralysis was evaluated by monitoring

the local paralysis of digits' abduction according to the Digit Abduc-

tion Score assay (DAS) scoring system on a five-point scale where

0 corresponds to a normal abduction of all digits and 4 indicates

absence of toe abduction, as previously described (Aoki, 2001). DAS

was assessed immediately before injection and after injection at

30 min, 1, 2, 4 h on day of injection (Day 0); 24 h (Day 1) and every

following day until two consecutive DAS = 0 were measured.

MACHICOANE ET AL. 3
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2.4 | Immunofluorescence and quantification of
cl-SNAP-25 in nerve muscle preparations

Mice were injected with ONA alone or in combination with either

CnIIIC or DAN in the hind limb as described above. At the indicated

time points, the animals were humanely killed by cervical dislocation

and the soleus muscle was dissected and fixed in 4% paraformalde-

hyde in phosphate buffered saline (PBS) for 15 min at room tempera-

ture. The samples were then quenched using 50-mM NH4Cl in PBS,

permeabilized and saturated for 2 h with a blocking-permeabilizing

solution (PBS containing 15% goat serum, 2% bovine serum albumin,

0.25% gelatine and 0.2% glycine with 0.5% Triton X-100) and incu-

bated with primary antibodies specific for vesicular acetylcholine

transferase (VAChT; 1:500) and anti cl-SNAP-25 (1:200) for 72 h at

4�C. Subsequently, the muscles were washed with PBS and incubated

with the appropriate secondary antibodies (1:200) supplemented with

α-bungarotoxin (α-BTX) conjugated to Alexa-647 (1:200), in order to

identify nicotinic acetylcholine receptors.

Images were collected with a Zeiss LSM 900 confocal with Airys-

can 2 (Zeiss, Oberkochen, Germany) equipped with 63x/1.4 Plan-

Apochromat oil immersion objective with the appropriate laser lines

used at the same intensity and with non-saturating settings. A pseu-

docolor scale indicates colour associations with pixel intensity levels,

where white represents the highest intensity, while black represents

the lowest. Cleaved-SNAP-25 signal was quantified using ImageJ2 Fiji

2.15.1 software.

2.5 | BoNT/A-chase assay

Rats and mice were injected as described above with ONA alone or in

combination with ECCI. After the indicated time points, 0.5 μg of the

human monoclonal antibody C25 diluted in bioassay solution was

injected in the same limb (mice) or intravenously at the level of the tail

vein (rats). Neuroparalysis in rats was monitored over time and scored

according to the DAS scale, while in mice the soleus muscle was col-

lected and processed for immunostaining and cl-SNAP-25 quantifica-

tion, as described above.

2.6 | Preparation and intoxication of primary
neuronal cultures

Primary cerebellar granule neurons (CGN) from 4- to 6-day-old rats

were prepared as previously described (Tehran & Pirazzini, 2018).

Briefly, cerebella were mechanically disrupted, treated with trypsin

and collected by centrifugation. Neurons were then plated onto

24-well plates coated with poly-L-lysine at a cell density of 3 � 105

cells per well and maintained at 37�C and 5% CO2 in Basal Medium

Essential (BME) (ThermoFisher Scientific) supplemented with 10%

fetal bovine serum, 25-mM KCl, 2-mM glutamine and 50-μg�ml�1

gentamycin. After 18–24 h, 10-μM cytosine arabinoside (Sigma) was

added to arrest the growth of non-neuronal cells. After 6–8 days

in vitro (DIV), neurons were incubated overnight with a lab grade

BoNT/A (5 pM) alone or in combination with the indicated concentra-

tions of either CnIIIC or DAN premixed for 1 h with the neurotoxin in

complete BME. At the end of the experiment, neurons were lysed

directly into the well with Laemmli Sample Buffer supplemented with

protease inhibitor cocktail (Roche, Mannheim, Germany) and β-mer-

captoethanol, or fixed with paraformaldehyde 4% in PBS. Samples

were then collected and prepared for western blotting.

Primary spinal cord motor neurons (SCMN) from 13.5–14.5

mouse embryos were prepared as previously described (Zanetti

et al., 2019), and seeded in 24-well plates coated with laminin and

poly-L-ornithine in Neurobasal medium (Thermo Fisher Scientific) sup-

plemented with the appropriate growth factors. SCMN at 6 DIV were

incubated for 48 h with ONA (0.5 pM) alone or in combination with

the indicated concentrations of either CnIIIC or DAN premixed for 1 h

with the neurotoxin in complete culture medium. The experiment was

stopped by cell lysis directly on the well and samples were eventually

prepared for western blotting.

2.7 | Western blotting

Proteins in total lysates from CGN and SCMN were separated on

NuPAGE 4%–12% SDS-polyacrylamide gels (ThermoFisher) and then

transferred onto a nitrocellulose membrane. After 2 h of saturation

with 5% milk in PBS 0.1% Tween (PBS-T), the membranes were incu-

bated overnight with antibodies against β3-tubulin, that was used as a

loading control, and against SNAP-25 (clone SMI-81) that recognizes

both the intact and the BoNT/A cleaved form of the protein (Pirazzini

et al., 2014). Membranes were then extensively washed with PBS-T

and incubated for 2 h with the appropriate secondary antibodies con-

jugated to HRP. After extensive washes, the membranes were devel-

oped using Luminata Crescendo (Merck Millipore, Burlington, MA,

USA) using a Uvitec gel doc system (Uvitec, Cambridge, UK). SNAP-

25 cleavage was estimated by densitometry and reported as a ratio

with respect to intact SNAP-25.

2.8 | Electrophysiological recordings

Electrophysiological recordings of evoked end-plate potentials (EPP)

were performed on the soleus at the level of single muscle fibres in

oxygenated Krebs-Ringer solution using intracellular glass microelec-

trodes (0.86 i.d., 1.50 o.d., 20 MΩ resistance) (Science Products,

Hofheim, Germany) filled with 3-M KCl and 3-M CH3COOK in a 1:2

ratio, as previously described (Zanetti et al., 2018). Evoked neuro-

transmitter release was recorded in current-clamp mode, and resting

membrane potential was adjusted with current injection to �70 mV.

EPP were elicited by supramaximal nerve stimulation at 0.5 Hz using a

suction microelectrode connected to a stimulator (S88, Grass

Instruments, Quincy, MA, USA). After the dissection, samples were

incubated for 10 min with 1 μM μ-Conotoxin GIIIB (Alomone Labs,

Jerusalem, Israel) to prevent muscle action potential and contraction.

4 MACHICOANE ET AL.
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Signals were amplified with intracellular amplifier (BA-01X, NPI Elec-

tronics, Tamm, Germany), sampled at 10 kHz using a digital interface

(NI PCI-6221, National Instruments, Austin, TX, USA) and recorded by

means of electrophysiological software (WinEDR, Strathclyde Univer-

sity, Glasgow, UK). EPP measurements were analysed offline with

Clampfit software (Molecular Devices, San Jose, CA, USA).

2.9 | Data and statistical analysis

The number of animals used in each experiment is either indicated by

the data distribution displayed in the graph or reported in the figure

legend. All experiments were performed blindly. Data are shown as

means ± SEM, unless otherwise indicated. Statistical significance was

calculated with GraphPad Prism 8 (GraphPad Software, Boston, MA,

USA) for experiments with a minimum group size of n = 5 using the

statistical tests indicated in the Figure legends. For comparisons

between two treatment groups, a two-tailed Student's t test was

employed. In instances involving three or more treatment groups, a

one-way ANOVA or a two-way ANOVA accompanied by post-hoc

multiple comparisons test was utilized. Values of P < 0.05 were con-

sidered to show statistically significant differences between group

means. The data and statistical analysis adhere to the recommenda-

tions outlined by the British Journal of Pharmacology concerning exper-

imental design and analysis in pharmacology (Curtis et al., 2022).

2.10 | Materials

The laboratory grade BoNT/A was prepared and purified as previously

described (Schiavo & Montecucco, 1995). OnabotulinumtoxinA was

purchased from Allergan Aesthetics, now AbbVie Inc. (North Chicago,

IL, USA); AbobotulinumtoxinA was purchased from Ipsen France

(Boulogne-Billancourt, France). IncobotulinumtoxinA was purchased

from Merz Pharma (Frankfurt am Main, Germany). The conotoxin

CnIIIC was synthetized by solid-phase synthesis as previously

reported (Favreau et al., 2012). Dantrolene sodium (D9175) was pur-

chased from Sigma Aldrich, now Merck KGaA (Darmstadt, Germany).

Recombinant C25 antibody was produced in Chinese hamster ovary

cells as previously described (Garcia-Rodriguez et al., 2007). The fol-

lowing primary antibodies were used: antibody for VAChT (Cat#

139105, RRID: AB_10893979), β3-tubulin (Cat# 302302, RRID:

AB_10637424) from Synaptic Systems (Goettingen, Germany);

anti-SNAP-25 (clone SMI-81) (Cat# 836303, RRID: AB_2715864; Bio-

Legend, San Diego, CA, U.S.A.). The primary antibody for cleaved

SNAP-25 (cl-SNAP-25) was polyclonal and generated in rabbit as pre-

viously described (Antonucci et al., 2008). The following secondary

antibodies conjugated to Alexa fluorochromes were used (all from

Thermo Fisher Scientific, Waltham, MA, USA): Goat anti Guinea Pig

IgG (H + L) Secondary Antibody Alexa Fluor 488 (Cat# A-11073,

RRID: AB_2534117), Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody Alexa Fluor Plus 555 (Cat# A-21428, RRID:

AB_2535849), α-Bungarotoxin (α-BTX) Alexa Fluor 647 conjugate

(Cat# B35450). The following secondary antibodies conjugated to

horseradish peroxidase (HRP) were used: Goat Anti-Mouse IgG H & L

Chain Antibody Peroxidase Conjugated (Cat# 401215, RRID:

AB_10682749; Millipore, Merck KGaA, Darmstadt, Germany), Anti-

rabbit IgG HRP-linked Antibody (Cat# 7074, RRID: AB_2099233; Cell

Signalling Technology, Danvers, MA, U.S.A.).

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org and

are permanently archived in the Concise Guide to PHARMACOLOGY

2023/24 (Alexander et al., 2023).

3 | RESULTS

3.1 | Co-injection with ECCI potentiates the
pharmacological activity of BoNT/A

BoNT/A interferes with SV fusion causing a potent and persistent,

but slowly increasing, paralysis. To test whether this action can be

complemented by a fast-acting myorelaxant, we combined BoNT/A

injection with two ECCI (Figure 1a): (i) CnIIIC, a conopeptide from the

venom of the marine cone snail Conus consors, which inhibits Nav1.4

channels responsible for the generation and propagation of the post-

synaptic action potential in the skeletal muscle (Markgraf et al., 2012),

or (ii) DAN, a small molecule inhibitor of RyR that causes myorelaxa-

tion by blocking Ca2+ release from the sarcoplasmic reticulum into

the myofibre cytosol (Krause et al., 2004).

Using ONA, a BoNT/A product commonly used worldwide, we

injected the neurotoxin alone or combined with either CnIIIC or

DAN into the tibialis anterior muscle of rats. We then assessed the

paralytic effect through the DAS assay, a method specially designed

for evaluating the pharmacological potency of botulinum neuro-

toxins in rodents by scoring the reduction in the animal's ability to

abduct the toes of the injected hind limb (Aoki, 2001; Broide

et al., 2013) (Figure 1b, bottom panel). We focused on two main

parameters: (i) the time-resolved curve of DAS severity, to examine

onset, peak effect and overall duration of neuroparalysis, and (ii) the

area under the DAS curve after 24 h (AUC24h+), to assess the over-

all pharmacological activity from the peak onward (Figure 1b, top

right panel).

The black traces in Figure 1c show the DAS curves observed in

rats injected with 1-U�kg�1 ONA, roughly corresponding to

10 pg�kg�1 (Field et al., 2019), and that the toxin alone caused a neu-

roparalysis rising between 4 and 8 h and taking almost 2 days to

peak, yet never reaching the maximum severity. The onset of neuro-

paralysis was faster when ONA was combined with either CnIIIC or

DAN, as shown in Figure 1d, which compares the DAS values 4 h

after the injection. Of note, CnIIIC produced a much quicker onset

than DAN.

MACHICOANE ET AL. 5
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Overall, these data confirmed our initial hypothesis that the

BoNT/A-induced neuroparalysis could be accelerated by the specific

pharmacological activity of ECCI.

At the same time, this experiment allowed two additional

interesting observations. First, the maximal DAS score at 24–48 h was

significantly higher upon co-injection of ONA with ECCI (Figure 1e),

indicating a stronger peak effect. Second, the DAS curves of ONA in

combination with ECCI took longer to return to normal levels, indicat-

ing a prolonged duration of neuroparalysis. Consistently, co-injections

with CnIIIC and DAN produced a marked increase in the AUC24h+

(Figure 1f), indicating a potentiation of ONA that almost doubled the

overall pharmacological performance of the neurotoxin. CnIIIC and

DAN injected alone provided only a mild and short-lasting paralysis,

becoming negligible after 24 h (see Figure 1c), ruling out the possibil-

ity that ONA potentiation was caused by a merely additive mecha-

nism. Of note, ONA potentiation was dependent on the ECCI dose

(Figures 1g and S1a). Although CnIIIC was more efficient in the first

hours after injection (Figure S1b), as indicated by the AUC24h+

parameter, DAN elicited ONA potentiation in the ng�kg�1 range com-

pared to the μg�kg�1 range for CnIIIC (Figure 1g). Similar results were

obtained in mice (Figure S1c), indicating that ONA potentiation

occurred, regardless of the animal model used.

Altogether, these results indicate that the co-injection of ONA

with ECCI strongly enhanced the pharmacological activity of BoNT/A

by decreasing the time of onset, increasing the peak potency and

extending the duration of muscle relaxation.

3.2 | Potentiation does not depend on a physical
interaction between BoNT/A and ECCI and does not
occur in isolated neurons

The unexpected potentiation of ONA by ECCI prompted an investiga-

tion into how CnIIIC and DAN could alter the pharmacological profile

of BoNT/A. Co-injection implies that BoNT/A and either CnIIIC or

DAN molecules were pre-mixed in the same vial. Published evidence

F IGURE 1 Co-injection of botulinum neurotoxin type A1 (BoNT/A) with excitation–contraction coupling inhibitors (ECCI) enhances its
pharmacological action by accelerating the onset of myorelaxation, increasing peak potency and extending toxin duration at motor nerve
terminals. (a) Scheme of neurotransmitter release and excitation-contraction coupling at the vertebrate neuromuscular junction with the site of
action of BoNT/A at the presynaptic motor axon terminals, CnIIIC on NaV1.4 channels at the sarcolemma and of DAN on RyR at the sarcoplasmic
reticulum. (b) Scheme showing the experimental procedure to assess the pharmacological effect of BoNT/A injected in the rat tibialis anterior
muscle alone or in combination with ECCI monitoring the severity of limb paralysis via the DAS scoring system over time and by measuring the
AUC24h+. (C) Time course of the DAS severity upon intramuscular injection of ONA (1 U�kg�1) alone or in combination with ECCI (CnIIIC
32 μg�kg�1 or DAN 10 μg�kg�1) or ECCI alone (CnIIIC 32 μg�kg�1 or DAN 10 μg�kg�1). Traces shown are means ± SEM; n = 18. (d–f) Severity of
limb paralysis at relevant stages of BoNT/A pharmacological action injected alone or in combination with ECCI (CnIIIC 32 μg�kg�1 or DAN
10 μg�kg�1) assessed by DAS score at onset (4 and 8 h, panel d), peak (24 and 48 h, panel e) and for the duration by comparing the AUC24h+

(panel e). Data shown are means ± SEM; n = 18 animals. * P < 0.05, significantly different as indicated; two-way ANOVA with Tukey's test for
multiple comparisons (panels d and f) and one-way ANOVA with Dunnett's test for multiple comparisons (panel e). (g) Enhancement of BoNT/A
pharmacological effect in rats treated with intramuscular BoNT/A alone (1 U�kg�1, dotted line) or in combination with the indicated
concentrations of CnIIIC (left panel) or DAN (right panel). Values are the AUC24h+; data shown are means ± SEM; n = 6 animals. * P < 0.05,
significantly different as indicated; one-way ANOVA for multiple comparisons with Dunnett's multiple comparisons test.
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indicated that chemical or protein compounds mixed with BoNT/A

could alter the potency and pharmacological properties of the neuro-

toxin (Kutschenko et al., 2019; Stone et al., 2011). Therefore, we

examined whether the physical interaction between the neurotoxin

and ECCI could affect BoNT/A activity by performing both in vivo

and in vitro experiments.

F IGURE 2 The enhancement of botulinum neurotoxin type A1 (BoNT/A) pharmacological action is not due to molecular interactions with the
excitation–contraction coupling inhibitors (ECCI) or direct action on neurons. (a) Scheme showing the time course of the staggered injection of
BoNT/A and ECCI in the rat hind limb. ECCI were injected before (48 or 24 h), together or after (1 h or 96 h) ONA (1 U�kg�1) (b) ONA effect is
still potentiated after the staggered injection of the neurotoxin alone (1 U�kg�1) and then of the ECCI (CnIIIC or DAN) 1 h after the neurotoxin, as
assessed by the AUC24h+. Data shown are means ± SEM; n = 12. * P < 0.05, significantly different as indicated; Student's t test. (c) ONA
potentiation is lost when the staggered injection of CnIIIC or DAN is performed at longer time points, either before or after neurotoxin injection
alone. Data shown are means ± SEM; n = 6. * P < 0.05, significantly different as indicated; one-way ANOVA with Dunnett's multiple comparisons
test. (d) A lab grade BoNT/A was pre-mixed for 1 h with either the vehicle (DMSO) or CnIIIC or DAN and then the mixtures were added to SCMN
(left) for 48 h or to CGN (right) for 12 h in complete culture medium. Representative western blot showing SNAP-25 cleavage assessed with an
antibody recognizing both the intact and the cleaved form of the protein and using β-III-tubulin as a loading control. Graphs showing the
quantification of SNAP-25 cleavage assessed by densitometry analysis expressed as the percentage of cleaved on total SNAP-25. Data are from
three independent experiments. (e) Time course of SNAP-25 cleavage in CGN treated with BoNT/A (0.5 pM) pre-mixed with the vehicle (top
panels) or the indicated concentrations of either CnIIIC (central panels) or DAN (bottom panels). At the indicated time points, neurons were fixed
and stained with an antibody specific for cl-SNAP-25 (red) and N-terminal SNAP-25 (green) to spot the axonal compartment, and with Hoechst to
for the nuclei (merge). Images are representative of one experiment performed three times. Arrows indicate SNAP-25 cleavage within varicosity-
like structures; arrow heads indicate SNAP-25 cleavage in axonal compartments. Bars indicate 20 μm.
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First, we repeated the DAS assay by staggering ONA and ECCI

injection to avoid their direct mixing in the test tube (Figure 2a). When

injected 1 h after ONA, both CnIIIC and DAN still markedly increased

the AUC24h+ to levels similar to those when they were pre-mixed,

indicating that the potentiation did not rely on physical interactions

between BoNT/A and ECCI (Figure 2b). Interestingly, when the time

was extended to longer intervals, both before or after ONA injection,

CnIIIC and DAN did not cause any potentiation, indicating that ECCI

synergize with the neurotoxin within a relatively restricted timeframe

(Figure 2c).

Second, we performed a co-intoxication experiment on primary

neurons, which offer a convenient model to study the mechanism of

action and potency of clostridial neurotoxins by monitoring SNAP-25

cleavage (Kiris et al., 2014; Pellett, 2013; Tehran & Pirazzini, 2018)

and to test whether their effect is altered by agents acting either on

BoNT/A itself, on the neurons or on both (Pellett et al., 2007; Pirazzini

et al., 2014, 2021; Seki et al., 2015). To this end, we used CGN and

SCMN, two neuronal cultures highly susceptible to BoNT/A

and expressing NaV and RyR channels (Favreau et al., 2012; Jahn

et al., 2006; Kuwajima et al., 1992; Schaller & Caldwell, 2003). The

BoNT/A concentration was calibrated to achieve approximately 50%

of SNAP-25 proteolysis allowing for a better estimation of possible

modulatory effects on toxin activity. The cleavage was examined via

western blotting with an antibody recognizing both intact and

cleaved SNAP-25 to have a ratiometric measurement (Tehran &

Pirazzini, 2018), and by immunofluorescence with an antibody selec-

tively recognizing cleaved-SNAP-25 but not the intact protein

(Duregotti et al., 2015; Pirazzini et al., 2014). Figure 2d shows that

BoNT/A cleavage was unaffected by CnIIIC or DAN, regardless of

their concentration (Figure S2a,b). In addition, the immunofluores-

cence analysis in Figure 2e shows that the localization of SNAP-25

cleavage, at any given time point, was very similar between neurons

treated with BoNT/A alone or in combination with ECCI: It occurred

first in varicosity-like structures, suggestive of BoNT/A entry at pre-

synaptic level, and then spread over time at axonal level, suggesting

that BoNT/A subcellular activity was not altered by the presence of

the ECCI in the culture medium. Altogether, these results indicated

that ONA potentiation at the NMJ did not rely on direct molecular

interactions between the neurotoxin and ECCI, and ruled out the pos-

sibility that CnIIIC and DAN could directly alter BoNT/A activity in an

isolated neuronal system.

3.3 | ECCI enhance SNAP-25 cleavage and prolong
the blockade of neurotransmitter release at the NMJ

The results described above show that BoNT/A potentiation by ECCI

did not occur in cultures of neurons. Consequently, we reasoned that

BoNT/A potentiation must derive from a synergy taking place

between the ECCI and the neurotoxin in the more complex context

of the NMJ. Given that the factors responsible for BoNT/A pharma-

cological activity at the NMJ are the cleavage of SNAP-25 and

the ensuing blockade of neurotransmission, we examined whether

co-injection with ECCI causes any changes to these molecular and

physiological parameters.

We injected ONA alone or in combination with ECCI in the

mouse hind limb and collected the soleus muscle at specific time

points corresponding to the onset, peak and recovery phases

(Figure 3a). Using the cleaved-SNAP-25 specific antibody, we found

that at the injected dose ONA yielded a signal barely visible at 3 h,

but becoming progressively stronger at 6 and 12 h after injection

(Figure 3b). Remarkably, co-injection with CnIIIC or DAN elicited a

clear staining for cleaved-SNAP-25 as early as 3 h, which further

increased at 6 and 12 h yielding a stronger signal, compared to ONA

alone, at any considered time, as shown by the quantification

(Figure 3c). Co-localization with VAChT, a SV marker, proved that the

signal originated at presynaptic level within the motor axon terminals

(Figure S3a). This result indicates that both CnIIIC and DAN acceler-

ated the cleavage of SNAP-25 during the onset of ONA myorelaxant

effect.

Next, we focused on the peak phase at 18 and 24 h to monitor

SNAP-25 cleavage when the neurotoxin elicits its maximum activity.

In keeping with the results of the DAS assay, muscles treated with the

ONA-ECCI combinations raised stronger cleaved-SNAP-25 signals

compared to ONA alone, thus indicating that the higher peak effect

was accompanied by a greater proteolysis of SNAP-25.

We then analysed the recovery phase. As the long-lasting block-

ade of neurotransmission causes an intense neuronal sprouting and a

remodelling of motor axon terminals that complicate the analysis of

cleaved-SNAP-25 (Meunier et al., 2002; Pamphlett, 1989), we quanti-

fied NMJ neurotransmission by measuring the evoked EPP

(Figure 3e). This electrophysiological method provides an accurate

assessment of NMJ neurotransmission, that is, the physiological event

disrupted by BoNT/A via SNAP-25 cleavage, at synaptic resolution

(Del Castillo & Katz, 1954; Zanetti et al., 2018). At 45 days after injec-

tion, the average EPP amplitude in myofibres of muscles treated with

the ONA-ECCI combination was markedly lower compared to animals

treated with ONA alone (Figure 3f), attesting the longer recovery of

ONA-ECCI treated muscles.

Taken together, these results indicate that the potentiation of

BoNT/A activity by CnIIIC and DAN relies on a faster and greater

SNAP-25 proteolysis during the onset and peak phases and accounts

for the prolonged attenuation of neurotransmission during the recov-

ery phase.

3.4 | ECCI elicit a faster and higher accumulation
of LC/A within nerve terminals

At this point, we wondered how ECCI co-injection could lead to a

faster and more intense cleavage of SNAP-25 immediately after

BoNT/A injection and to a prolonged neurotransmission impairment

during the recovery phase. While the first could be merely due to a

faster BoNT/A uptake after injection, the peak and duration

are strongly affected by the number of LC/A inside the nerve

terminals (Binz, 2013; Pantano & Montecucco, 2014; Shoemaker &

8 MACHICOANE ET AL.
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Oyler, 2013). Accordingly, we hypothesized that the higher peak and

longer duration elicited by ECCIs could reflect, beyond a faster uptake

of BoNT/A, also a higher number of BoNT/A molecules entering the

NMJ presynaptic terminal. As there are no techniques available to

directly measure the minute amounts of LC/A inside nerve terminals,

we devised an experiment whereby BoNT/A uptake at the NMJ was

chased by the ‘C25’ neutralizing antibody injected at specific time

points after ONA alone or in combination with either CnIIIC or DAN

(Figure 4a). As this antibody binds to an epitope in the HC that fully

prevents the interaction of the neurotoxin with the motor axon termi-

nals (Smith et al., 2005), the activity of BoNT/A after C25 injection

reflects the number of molecules that have escaped neutralization

and are thus able to enter the NMJ.

As shown in Figure 4b, the AUC24h+ parameter was abolished

when C25 is injected within 1 h after ONA, indicating that the number

of BoNT/A molecules that escaped neutralization by the antibody

F IGURE 3 The combined injection with excitation–contraction coupling inhibitors (ECCIs) accelerated the onset of SNAP-25 cleavage and
prolonged the impairment of neurotransmission into motor axon terminals. (a) Scheme showing the experimental design of the time course of
SNAP-25 cleavage at the mouse nerve terminals using immunofluorescence (IF) imaging of cl-SNAP-25 and electrophysiology. At the indicated
time points after botulinum neurotoxin type A1 (BoNT/A) injection (1 U�kg�1) alone or in combination with ECCI (CnIIIC 50 μg�kg�1 or DAN
30 μg�kg�1) in the mouse limb, the soleus muscle was collected and used for immunostaining of the C-terminal epitope newly generated in SNAP-
25 by BoNT/A cleavage (onset and peak) and for assessing neurotransmission. (b) Representative images acquired at 3, 6 and 12 h after injection
showing cl-SNAP-25 signal via pseudocolor scale (panel on the right). Scale bars are 10 μm. (c,d) Quantification of SNAP-25 cleavage at the NMJ
at the indicated time points in the onset phase and at the peak. Data shown are individual values with means ± SEM; n = 5 animals. * P < 0.05,
significantly different as indicated; two-way ANOVA for multiple comparisons with Tukey's multiple comparisons test. (e) Scheme showing the
experimental setup to measure neurotransmitter release at the neuromuscular junction via the evoked endplate potential (EPP) assessing
neurotransmission with single myofiber resolution. (f) Representative traces of evoked EPP measurements after treatment with ONA, ONA in
combination with CnIIIC, and ONA in combination with DAN. (g) EPP values measured in the soleus muscles 45 days after the injection of
BoNT/A alone or in combination with ECCI (CnIIIC 50 μg�kg�1 or DAN 30 μg�kg�1) in the mouse hind limb. Data shown are individual values with
means ± SEM; n = 6 animals. * P < 0.05, significantly different as indicated; one-way ANOVA with Dunnett's multiple comparisons test.

MACHICOANE ET AL. 9

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.17367 by U

niversity O
f Padova C

enter D
i, W

iley O
nline L

ibrary on [14/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



were not sufficient to elicit any evident neuroparalysis. Conversely,

C25 was only partially effective when injected 2 h after ONA and,

interestingly, neutralization was practically negligible at 4 h. These

results indicate that, at the used doses, all the BoNT/A molecules

responsible for paralysis are no longer accessible to the C25-antibody

in about 3–4 h. We thus performed the same experiment at 1.5 h, a

time roughly corresponding to the t50% of C25 inhibition, comparing

the ONA-ECCI mix with ONA alone. We found that the DAS values at

the peak phase, when the effects of CnIIIC and DAN are negligible,

were clearly higher for the combinations, indicating that the co-

injection provided ONA with some protection from C25 neutralization

(Figure 4c). In keeping with a larger number of BoNT/A molecules

escaping neutralization, we found a stronger cleaved-SNAP-25 signal

in muscles treated with the ONA-ECCI combination, compared with

ONA alone, indicating that also substrate cleavage was less suscepti-

ble to C25 chasing (Figure 4d,e). To further test our hypothesis, we

F IGURE 4 The combined injection with excitation–contraction coupling inhibitors (ECCI) increases botulinum neurotoxin type A1 (BoNT/A)
uptake within motor axon terminals. (a) Scheme showing the time course of BoNT/A chasing with the C25 neutralizing antibody to monitor toxin
entry into the motor axon terminals. BoNT/A alone or in combination with ECCI was injected in the rat limb; at the indicated time points, the
human monoclonal antibody C25 specific for BoNT/A binding was injected in the same limb and then neuroparalysis duration was monitored
with the DAS assay. (b) Time course of BoNT/A (1 U�kg�1) entry upon neutralization by C25 antibody assessed by the AUC24h+. Data shown are

means ± SEM; n = 6. (c) Severity of limb paralysis at the peak phase after ONA injection alone or in combination with ECCI (CnIIIC 32 μg�kg�1 or
DAN 10 μg�kg�1) assessed by DAS score at onset (24 and 48 h). Data shown are individual values with means ± SEM; n = 6 animals. * P < 0.05,
significantly different as indicated; two-way ANOVA with Tukey's test for multiple comparisons. (d,e) Representative images and quantification of
cl-SNAP-25. Data shown are individual values with means ± SEM; n = 5 animals. * P < 0.05, significantly different as indicated; one-way ANOVA
with Dunnett's test for multiple comparisons. (f) AUC24h+ after injection in the rat limb of ONA (1 U�kg�1) alone or in combination with ECCI
(CnIIIC or DAN) and later (1.5 h) of either saline or C25 antibody. Data shown are individual values with means ± SEM; n = 6 animals. * P < 0.05,
significantly different as indicated; one-way ANOVA with Dunnett's test for multiple comparisons (panel e). (g,h) Extended time course of
BoNT/A chasing with C25 or saline after injection in the tibialis anterior of ONA alone (1 U�kg�1) or in combination with CnIIIC 32 μg�kg�1 (d) or
DAN 10 μg�kg�1 (e). Values are the AUC24h+; Data shown are individual values with means ± SEM; n = 6 animals. * P < 0.05, significantly
different as indicated; two-way ANOVA with Tukey's test for multiple comparisons.
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F IGURE 5 Legend on next page.
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focused on the AUC24h+. This parameter accounts for the overall

effect of ONA paralysis, including the peak effect and the duration,

but not the onset phase, and thus depends on the number of BoNT/A

molecules escaping C25 neutralization and reaching the motor axon

terminal in their active form. Figure 4f shows that CnIIIC and DAN co-

injection almost tripled the AUC24h+ of ONA alone when C25 was

injected 1.5 h after the toxin, and similar results were obtained when

C25 injection was extended to the entire time course of BoNT/A

chasing (Figure 4g,h). These results strongly indicate that the ECCI co-

injection causes the entry of a larger number of BoNT/A molecules at

the NMJ, which accounts for a faster and more potent pharmacologi-

cal action of the neurotoxin.

3.5 | BoNT/A potentiation by ECCI is extended to
several commercial preparations and equals a triple
dose escalation

Our results provided a mechanistic explanation for the unexpected

potentiation of BoNT/A by CnIIIC and DAN, yet they did not clarify

whether these co-injections have any translational potential. For

example, all the experiments were carried out with ONA, which is one

out of many BoNT/A-containing commercial products routinely used

in humans (Choudhury et al., 2021; Pirazzini et al., 2017). Therefore,

we tested whether other products, such as ABO and INCO which

have distinct manufacturing processes and excipients and are

characterized by the presence (ONA and ABO) or absence (INCO) of

non-toxic progenitor toxin complexes (Pirazzini et al., 2017), were also

susceptible to ECCI potentiation. We therefore injected ABO and

INCO alone or in combination with CnIIIC or DAN in the rat hind limb

with doses adjusted to elicit a neuroparalytic effect comparable to

that previously obtained with ONA. Consistently, the several parame-

ters of DAS severity at the onset and peak phases (Figure 5a,b) and

the AUC24h+ (Figure 5c,d) showed that ABO and INCO were also sus-

ceptible to ECCI potentiation.

Next, since a strategy commonly used in the clinic to enhance

BoNT/A effects and prolong its duration is to increase the dose (Fabi

et al., 2021; Kaufman-Janette et al., 2021), we compared the effects

of the BoNT/A-ECCI combinations with BoNT/A alone injected at

higher doses (Figure 5e). As previously reported (Šoštari�c et al., 2022),

DAS severity is proportional to the injected dose of toxin: a double

(2X) and a triple (3X) dose of ONA elicited higher peak effects and

longer durations, yet similar onset, compared to the single dose (1X).

Strikingly, the pharmacological effect of 1X ONA in combination with

either CnIIIC or DAN elicited an effect similar to ONA 3X, but with an

earlier onset. Consistently, the amount of cl-SNAP-25 at the onset

phase (Figure 5g) and the AUC24h+ (Figure 5h) for the combinations

were higher than ONA 1X and ONA 2X while appearing similar to

ONA 3X (Figure 5g).

Collectively, these results suggest that the combined injection

with ECCI increased the pharmacological effects of BoNT/A with a

two to threefold power effect, and that this mechanism is indepen-

dent of the commercial source of BoNT/A and the presence of non-

toxic accessory proteins.

4 | DISCUSSION

The main finding of this study is that the pharmacological activity of

BoNT/A preparations for neuromuscular applications can be acceler-

ated and potentiated through the co-injection with the fast-acting

muscle blockers CnIIIC or DAN. Despite its established efficacy,

BoNT/A is well-known to have a slow onset of effect that, in humans,

takes days to be perceived by the patients and up to several weeks to

display its full pharmacological activity (Dressler, 2021; Kaufman-

Janette et al., 2021). Here, we showed that CnIIIC or DAN can accel-

erate the onset phase inducing muscle relaxation very soon after

administration, an effect mediated by a larger number of LC/A mole-

cules reaching the motor axon terminals and causing a faster and

more robust cleavage of SNAP-25. Consistent with the established

F IGURE 5 Excitation–contraction coupling inhibitors (ECCI) potentiate different types of botulinum neurotoxin type A1 (BoNT/A)
preparations leading to threefold power effect. (a, b) Time course and severity of limb paralysis showing that ECCI can potentiate BoNT/A activity
independently from toxin formulation. ABO (a, 1 U�kg�1) or INCO (b, 1 U�kg�1) were used as prototype toxin preparations injected in the rat
tibialis alone or in combination with ECCI (CnIIIC 32 μg�kg�1 or DAN 10 μg�kg�1). Data shown are means ± SEM; n = 12. (c,d) Severity of limb
paralysis upon injection of ONA, ABO or INCO (1 U�kg�1) alone or in combination with either CnIIIC (32 μg�kg�1) or DAN (10 μg�kg�1) as
assessed by the DAS score at onset (4 h, left panel) and at peak effect (2 days, central panel), and for duration estimated with the AUC24h+. Data
shown are individual values with means ± SEM; n = 12 animals.* P < 0.05, significantly different as indicated: one-way ANOVA with Tukey's test
for multiple comparisons. E) Scheme showing the experimental design and the readouts used to compare the pharmacological effects of BoNT/A
injected alone as multiple doses or as a single dose in combination with ECCI. SNAP-25 cleavage at the indicated time points was assessed via
immunofluorescence (IF) in the mouse soleus while the DAS severity and the AUC24h+ in the rat. (f) Time course of the severity of BoNT/A
neuromuscular paralysis when injected alone as 1X dose (1 U�kg�1), 2X dose (2 U�kg�1) and 3X dose (3 U�kg�1) or injected as 1X dose (1 U�kg�1)

in combination with ECCI (CnIIIC 32 μg�kg�1, left panel or DAN 10 μg�kg�1, right panel). Values are from 12 rats per conditions. Bars indicate the
SEM. (g) Onset of SNAP-25 cleavage by BoNT/A when injected in combination with CnIIIC or DAN, compared to double and triple doses of the
toxin. Data shown are individual values with means ± SEM; n = 5 mice. * P < 0.05, significantly different as indicated; two-way ANOVA for
multiple comparisons with Tukey's multiple comparisons test. (h) Duration of the neuroparalytic effect of BoNT/A upon dose sale compared to
the injection of 1X dose in combination with ECCI (CnIIIC 32 μg�kg�1, left panel or DAN 10 μg�kg�1, right panel) using as read out the AUC24h+.
Values are the AUC24h+; Data shown are individual values with means ± SEM; n = 6 animals. * P < 0.05, significantly different as indicated; one-
way ANOVA with Dunnett's test for multiple comparisons.
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correlation between the duration of neuroparalysis and the lifetime of

the LC/A molecules inside the motor axon terminals (Rossetto

et al., 2021), a higher number of LC/A reflected a widened maximum

effect and a prolonged duration of BoNT/A pharmacological activity

at the NMJ.

Considering the great efforts of clinical and basic research aimed

at improving BoNT therapy, these findings show for the first time

that the pharmacological action of BoNT/A can be combined with

other bioactive compounds acting on molecular targets different from

that of the neurotoxin leading to a synergistic potentiation of its

activity. This is at variance from the strategies attempted so far

mostly oriented at modifying the neurotoxin molecule, such as testing

alternative serotypes or subtypes, and/or engineering their structures

(Choudhury et al., 2021; Elliott et al., 2019; Guo et al., 2013; Pirazzini

et al., 2013; Steward et al., 2021; Zanetti et al., 2017). BoNT/E was

considered for its rapid onset, but its use might be limited to indica-

tions requiring short duration of action (Hanna & Pon, 2020); BoNT/

A2 has been tested in a small-sized clinical study showing a fast onset

of action (Kaji et al., 2022), while different BoNT/A subtypes have

been evaluated in animal models showing specific toxicological prop-

erties (Whitemarsh et al., 2013). Similarly, chimeric toxins and mutant

toxins have been tested in preclinical models showing interesting

properties (Steward et al., 2021). Alternatively, a change in formula-

tion with different excipients has been considered and was found to

improve BoNT/A pharmacological performance (Solish et al., 2021;

Stone et al., 2011). Conversely, we found that BoNT/A effects can be

potentiated by a simple co-administration with other bioactive sub-

stances, which complement and/or extend the pharmacological action

of the neurotoxin without altering the molecule itself or its mecha-

nism of action, therefore maintaining its valuable safety profile. Of

note, potentiation was achieved with three different commercial

preparations of BoNT/A and two ECCI specific for different molecu-

lar targets, which indicate a general mechanism behind the pharmaco-

logical synergy. These findings pave the way to the exploration of

new combinations of BoNTs with the arsenal of different biomole-

cules targeting the neuromuscular system, and to the potential

development of novel pharmacological approaches aimed at the fine

tuning of BoNT pharmacological profile according to the specific

clinical goals.

We estimated that ECCI co-injection elicits a pharmacological

effect roughly corresponding to a triple dose of BoNT/A alone. This

result is particularly relevant considering that onset and duration

strongly depend on the injected dose and that the strategy normally

used to accelerate and prolong BoNT/A effects is uniquely based on

dose escalation, both in medical and cosmetic applications (Fabi

et al., 2021; Kaufman-Janette et al., 2021). Indeed, this practice is

associated with several challenges, including dose/volume adjust-

ments, response variability, increased risk of off-target diffusion and

increased possibility of immunization with formation of neutralizing

antibodies (Fabi et al., 2021; Joshi & Joshi, 2011; Lange et al., 2009).

In contrast, the co-injection with ECCI increases the pharmacological

potential of the injected BoNT/A dose, thus minimizing the issues

related to dose escalation.

The novel features acquired by BoNT/A co-injection with CnIIIC

and DAN have direct translational implications both in medical and aes-

thetic medicine indications, especially when frequent injections or

booster doses are needed to keep BoNT/A effects within its window of

pharmacological efficacy. Pathological conditions like dystonia, tremors

and spasticity (post stroke, traumatic brain injuries and cerebral palsy),

which are disabling and painful, or conditions in which satisfactory out-

comes are achieved with doses higher than the approved ones, could

benefit significantly (Wissel, 2018). An accelerated onset and a height-

ened peak effect would provide a faster and more effective relief after

each administration, while a longer duration would reduce the frequency

of injections, two improvements long awaited by patients (Comella

et al., 2021; Poliziani et al., 2016; Sethi et al., 2012). Likewise, a faster

onset and a longer duration also meet the growing interest of aesthetic

medicine patients to have faster and prolonged effects maximizing the

effectiveness of treatments and, as a result, to reduce re-injections.

In conclusion, we report that the pharmacological effect of botuli-

num neurotoxin type A, a drug administered in millions of doses per

year worldwide, can be combined with either CnIIIC or DAN leading to

a significant improvement of the pharmacological actions of BoNT/A.

Although the specific mechanism as to how a rapid blockade of muscle

contraction leads to a potentiation of BoNT/A activity is still under

investigation, the fact that CnIIIC belongs to the heterogeneous group

of pharmacologically active conopeptides, a class of biomolecules

already approved for pain therapy (Lewis et al., 2012; Safavi-Hemami

et al., 2019), and that DAN has been used for several years in the

treatment of malignant hyperthermia and spasticity, speaks in favour

of the rapid testing of BoNT/A-ECCI combinations in clinical trials.
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