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Abstract

Botulinum neurotoxin (BoNT) is a major therapeutic agent. Of seven native BoNT

serotypes (A to G), only A and B are currently used in the clinic. Here we compared

the potency of commercially available purified native serotypes A1 to F1 across

in vitro, ex vivo, and in vivo assays. BoNT potency in vitro was assessed in rat pri-

mary cells (target protein cleavage and neurotransmitter release assays) in suprasp-

inal, spinal, and sensory systems. BoNT potency ex vivo was measured in the mouse

phrenic nerve hemidiaphragm (PNHD) assay, measuring muscle contractility. In vivo,

BoNT‐induced muscle relaxation in mice and rats was assessed in the Digit Abduc-

tion Score (DAS) test, while effects on body weight (BW) gain were used to assess

tolerability. In all assays, all BoNT serotypes were potent toxins, except serotype D1

in vivo which failed to produce significant muscle flaccidity in mice and rats. In rats,

all serotypes were well‐tolerated, whereas in mice, reductions in BW were detected

at high doses. Serotype A1 was the most potent serotype across in vitro, ex vivo,

and in vivo assays. The rank order of potency of the serotypes revealed differences

among assays. For example, species‐specificity was seen for serotype B1, and to a

lesser extent for serotype C1. Serotypes F1 and C1, not currently in the clinic,

showed preference for sensory over motor models and therefore could be consid-

ered for development in conditions involving the somatosensory system.
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1 | INTRODUCTION

Botulinum neurotoxins (BoNTs) are widely used in the clinic as

effective therapeutic agents. BoNT products exert their effect

through inhibition of neurotransmitter release, most notably of

Abbreviations: BoNT, botulinum neurotoxin; BW, body weight; CMAP, compound muscle

action potential; CTX, cerebral cortical neurons cell culture; DAS, digit abduction score;

DIV, days in vitro; DRG, dorsal root ganglion cell culture; FBS, fetal bovine serum; HC,

heavy chain; HC, binding domain; HN, translocation domain; LC, light chain; PNHD, phrenic

nerve hemidiaphragm assay; SCN, spinal cord neurons cell culture; SNAP-25, synaptosomal-

associated protein of 25 kDa; SNARE, soluble N-ethylmaleimide-sensitive factor attachment

protein receptor; VAMP, vesicle-associated membrane protein.
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acetylcholine, at the neuromuscular junction.1,2 BoNTs are diverse

proteins and are represented by at least seven serotypes and more

than 40 subtypes, and recently new BoNT‐like proteins have been

reported.3,4 Of the seven naturally occurring immunologically distinct

BoNT serotypes (termed A to G) described so far, only A and B are

currently used in the clinical practice. Serotypes A, B, E, and F are

known to cause botulism in humans, whereas C and D have only

been observed in animal cases and serotype G was originally

described in a soil sample.5-7

BoNTs are among the most tissue‐selective drugs known in clini-

cal pharmacology and are characterized by high potency and high

specificity.8 BoNTs are enzymatic multimodular proteins with a com-

plex multistep mechanism of action and both structure and mode of

action are shared broadly among the serotypes (for review see

1,9,10).

Despite the growing number of indications treated with sero-

types A1 and B1, and growing interest in other serotypes and sub-

types,11 no study has yet compared all serotypes in the same range

of assays in vitro, ex vivo, and in vivo. The goal of this study was to

compare six commercially available, research grade, and naturally

occurring (purified from their respective Clostridia host) BoNT sero-

types A1 to F1 across a range of rodent assays. In vitro, serotypes

were compared in three primary rat neuronal models: spinal cord

neurons (SCN), dorsal root ganglia (DRG) neurons, and cerebral corti-

cal (CTX) neurons. The SCN are widely‐used in the BoNT field as

they contain motor neurons that are clinically relevant, DRG neurons

are a sensory peripheral nervous system model, whereas CTX

neurons represent a supraspinal model highly sensitive to BoNT

intoxication.12-15 The cleavage of their protein substrate (soluble N‐
ehtylmaleimide‐sensitive factor attachment protein receptor, SNARE)

and the resulting inhibition of neurotransmitter release can be

assayed in primary neurons to provide a complementary in vitro

readout of BoNT activity. The mouse phrenic nerve hemidiaphragm

(PNHD) assay is an ex vivo assay for assessing the neuroparalytic

activity of BoNTs, as it directly records the blockade of neuromuscu-

lar transmission.16 In vivo, activity of BoNTs in the digit abduction

score (DAS) test in mice and rats is indicative of their muscle‐relax-
ant properties, whereas reductions in body weight (BW) gain are

indicative of toxin spread and migration away from the injected

site.1,17-20

2 | MATERIALS AND METHODS

2.1 | Botulinum toxins (BoNTs) and general
reagents

In this study, commercially available, research grade, purified native

botulinum neurotoxins A1, B1, C1, D1, E1, and F1 were studied, and

they are referred as A to F throughout the manuscript for easiness.

BoNT serotypes A to F were purchased from Metabiologics Inc.

(Madison, WI) as purified toxins and their purity analyzed by SDS‐
PAGE (% of purity was as follows: 100% for serotype A, 89% sero-

type B, 87.6% serotype C, 37.3% serotype D, 54% serotype E, and

64.3% serotype F). Serotypes A, B, and E were also purchased from

List Biological Laboratories Inc. (Campbell, CA) as complex toxins and

BSA was added during the reconstitution step of the lyophilized

powder supplied, as recommended by the manufacturer. The addi-

tion of BSA (final concentration 1 mg/mL of BSA to μg of BoNT)

made analysis of purity by standard SDS‐PAGE not reliable. Toxins

were assayed as per manufacturers’ stated quantities present in the

vials, and no apparent differences were observed between toxins

from the two suppliers. BoNT/E was treated with trypsin prior to its

use. General laboratory reagents were from Sigma (Dorset, UK),

unless otherwise specified.

2.2 | Animals

Sprague Dawley rats and CD‐1 mice were chosen for this study as

they are species and strains commonly used to study BoNT biology

in models of primary neuronal cultures, the hemidiaphragm assay

and the DAS assay12,15,19,21,22.

All animals for tissue donation were treated humanely and in

accordance with Home Office guidelines, UK. Culling of the animals

for tissue donation was performed by CO2 asphyxiation under

Schedule 1 of the Animals (Scientific Procedures) Act UK 1986.

Pregnant Sprague Dawley dams (Charles River, Margate, UK) for

in vitro experiments were left to acclimatize for 18‐24 hours follow-

ing shipping prior to primary culture of embryonic tissue. Embryonic

tissue was harvested from unknown/mixed sex embryos. Adult CD‐1
male mice, 25‐30 g (Charles River, Margate) for ex vivo experiments

were left to acclimatize for 2‐24 hours prior to culling and tissue

harvest.

The protocols for in vivo assays were approved by the ethical

committee of Ipsen Innovation and performed in full compliance

with the European Union Council Directive (2010/63/EU) and the

French National Committee for the care and use of laboratory ani-

mals (Decree n° 2013‐118). All studies involving animals are reported

in accordance with the ARRIVE guidelines for reporting experiments

involving animals.23 For in vivo experiments adult male CD‐1 mice

(24‐30 g) were purchased from Charles River (Saint‐Germain‐Nuelles,

France), whereas adult female Sprague Dawley rats (170‐200 g) were

purchased from Janvier Labs (Saint Berthevin, France). Male mice are

routinely used in our facilities. Regarding rats, BW gain is slower in

females than in males and as such, they are easier to handle in

experiments involving longitudinal testing. Therefore, for these stud-

ies we used male mice and female rats, as stated. Animals were

group‐housed in plastic cages and maintained on a 12‐hours light/

dark cycle (lights on from 07:00 to 19:00 hours) under constant tem-

perature (22 ± 2°C) and humidity (>45%) conditions. Animals had

free access to water and were fed with pellet complete diet ad libi-

tum. The diet, reference A04C‐10, was sterilized by irradiation and

controlled by SAFE food supplier (Augy, France). Mains tap water

was filtered (0.2 μm) and UV (wave‐length: 254 nm) sterilized and

distributed in sterilizable plastic bottles equipped with stainless steel

drinking tubes mounted in Bakelite/rubber and stainless‐steel fittings.
The water supply was analyzed twice a year by the Paris water
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control center, PERMO (Paris, France) and was free of contaminants.

Animals were acclimatized for at least 7 days prior to experiments.

On the day of the experiment animals were anesthetized prior to

BoNT treatment using a mixture of 4% isoflurane/oxygen for mice,

and of 3% isoflurane/oxygen for rats. Prior to BoNT treatment, both

mice and rats were randomized to obtain homogenous average BW

per group. Administration of BoNTs/vehicle and data collection was

performed by an operator blind to treatment.

2.3 | SCN cell culture

SCN were prepared by the method described previously.12 Briefly,

spinal cords were dissected from embryonic day 15 (E15) Sprague

Dawley rat embryos and digested in trypsin/EDTA solution (Gibco,

Fisher Scientific, Loughborough, UK) for 40 minutes at 37°C. The

spinal cords were then washed with Hank's Balanced Salt Solution‐
0.6% glucose, resuspended in culture medium and kept on ice for

30 minutes before trituration. Cells were plated at a density of

125 000 cells/well in 96‐well plates coated with Matrigel in modified

Eagle's medium (MEM) with glutamax supplemented with 5% fetal

bovine serum (FBS), 5% horse serum, 0.6% glucose, and 0.15%

sodium bicarbonate (all from Gibco). After 24 hours, a further

125 μL of the medium was changed to MEM with glutamax supple-

mented with 5% horse serum, 0.6% glucose, 0.15% sodium bicarbon-

ate, N2 supplement (all from Gibco), 40 ng/mL corticosterone, and

20 ng/mL triiodothyronine (Sigma). Cultures were grown in a humidi-

fied 10% CO2 atmosphere at 37°C. On day in vitro (DIV) 6 antimi-

totic compounds 5‐fluoro‐2′‐deoxyuridine and uridine were added.

Cells were maintained by replacement of half the medium twice per

week.

2.4 | DRG cell culture

DRG neurons were prepared by the method described previously.15

Briefly, ganglia were dissected from embryonic day 15 (E15) Sprague

Dawley rat embryos and digested in trypsin/EDTA solution (Gibco)

for 40 minutes at 37°C. The ganglia were then triturated to disag-

gregate the cells. Cells were plated at a density of 125 000 cells/well

in 96‐well plates coated with Matrigel in Dulbecco's modified Eagle's

medium (containing 5% inactivated FBS, 2% B27 supplement (all

from Gibco), 100 ng/mL 2.5 S mouse nerve growth factor (Promega,

Southampton, UK), 5 mmol/L l‐glutamine and 0.6% glucose. Cultures

were grown in a humidified 5% CO2 atmosphere at 37°C. On DIV 2

the antimitotic compound cytosine arabinoside (10 μmol/L, Sigma)

was added to prevent growth of rapidly dividing glial and endothelial

cells. Cells were maintained by replacement of half the medium

twice per week.

2.5 | CTX cell culture

CTX were prepared from embryonic day 17‐18 (E17‐E18) Sprague

Dawley rat embryos, as described previously.21 Briefly, dissected

cerebral cortical tissue was collected into ice‐cold Hank's Balanced

Salt Solution without Ca2+ or Mg2+, and then dissociated in papain

solution for 40 minutes at 37°C following the manufacturer's instruc-

tions (Worthington Biochemical, Lakewood, US). Cortical cells were

plated on poly‐L‐ornithine coated 96‐well plates at a density of

20 000 cells/well in 125 μL Neurobasal medium containing 2% B27

supplement, 0.5 mmol/L glutamax, 1% FBS and 100 U/mL penicillin/

streptomycin. Cells were maintained in a humidified atmosphere

containing 5% CO2 at 37°C. A further 125 μL Neurobasal medium

containing 2% B27, 0.5 mmol/L glutamax was added on DIV 4. Cells

were maintained by replacement of half the medium twice per week.

On DIV 11, 1.5 μmol/L cytosine β‐D‐arabinofuranoside was added to

the medium to prevent proliferation of non‐neuronal cells.

2.6 | Measurement of SNARE cleavage by Western
Blotting

SCN, DRG, and CTX cells were treated with serial dilutions of BoNT

and incubated at 37°C for 24 h, following 2‐4 weeks in vitro. Cells

were lysed by removing all medium and adding sample buffer (25%

NuPAGE buffer [Life Technologies, Fisher Scientific] supplemented

with 10 mmol/L dithiothreitol and 250 units/μL Benzonase [Sigma]).

Lysate proteins were separated by SDS‐PAGE and transferred to

nitrocellulose membranes. Primary antibodies used were against

synaptosomal‐associated protein of 25 kDa (SNAP‐25) (Sigma

S9684, Sigma), syntaxin 1 (Synaptic Systems S0664; Synaptic Sys-

tems, Goettingen, Germany), VAMP1 (Abcam Ab3346; Abcam, Cam-

bridge, UK and Synaptic Systems S104022), and VAMP‐2 (Abcam

Ab3347). The secondary antibodies were HRP‐conjugated anti‐rabbit
IgG (Sigma A6154) and HRP‐conjugated antimouse IgG (Sigma

A3673). Proteins were visualized using an enhanced chemilumines-

cent detection system (Fisher Scientific). Luminescence detection

was carried out using a Syngene GeneGnome and image analysis

was performed using GeneTools software (Syngene Bioimaging,

Cambridge UK). VAMP cleavage was monitored by measuring the

disappearance of the specific VAMP immunoreactive bands. SNAP‐
25 and syntaxin‐1 cleavage were monitored by measuring the disap-

pearance of the specific full‐length SNARE protein and the appear-

ance of the cleaved fragment of the SNARE protein. The amount of

cleaved SNARE protein was expressed as a percentage of the sum

of full‐length SNARE protein and cleaved product when available.

Data were fitted to a four‐parameter logistic equation (upper and

bottom asymptotes were constrained at 0 and 100% where appro-

priate), pEC50 and EC50 were calculated.

2.7 | Assessment of glycine release

Glycine release was assessed in SCN at DIV 20‐23. SCN were trea-

ted with a concentration range of BoNT for 24 hours at 37°C.

Following removal of neurotoxin, cells were briefly washed three

times in HEPES‐buffered salt solution (136 mmol/L NaCl, 3 mmol/L

KCl, 2 mmol/L CaCl2, 1 mmol/L MgCl2, 10 mmol/L HEPES, 10 mmol/

L glucose, pH 7.2). Cells were loaded with 2 μCi/ml [3H]‐glycine (Per-

kin Elmer, Beaconsfield, UK) in HBS for 60 minutes at 35°C.
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Following removal of [3H]‐glycine, cells were briefly washed three

times with HBS. Basal and stimulated [3H]‐glycine release were mea-

sured by incubation at 35°C for 5 minutes with 50 μL/well of HBS

solutions containing low (3 mmol/L KCl) or high (60 mmol/L KCl)

potassium. To determine retained [3H]‐glycine in the cells, cells were

lysed by adding 50 μL/well RIPA buffer (Sigma). Superfusates and cell

lysates were transferred into 96‐well Isoplates (Perkin Elmer) and

200 μL/well OptiPhase Supermix scintillation fluid was added.

Radioactivity was quantified using a MicroBeta2 plate reader (Perkin

Elmer). Data were fitted to a four‐parameter logistic equation, and

upper and bottom asymptotes were constrained at 0% and 100%

where appropriate. pEC50 and EC50 were calculated.

2.8 | Assessment of glutamate release

Glutamate release was assessed in CTX at DIV 19‐21. CTX were

treated with a concentration range of BoNT for 24 hours at 37°C.

Following removal of neurotoxin, cells were briefly washed three

times in Neurobasal medium containing 2% B27, and 0.5 mmol/L glu-

tamax and then preincubated in assay medium (Neurobasal medium

without phenol red, 2% B27, 0.5 mmol/L glutamax, 10 μmol/L (3S)‐3‐
[[3‐[[4‐(Trifluoromethyl) benzoyl] amino]phenyl] methoxy]‐L‐aspartic
acid [excitatory amino acid transporter inhibitor, Tocris, Bristol, UK])

on a heat block at 35°C for 30 minutes. Following preincubation,

cells were briefly washed once in assay medium. Basal and stimu-

lated glutamate release were measured by incubation at 35°C for

5 minutes with 40 μL/well assay medium containing low potassium

(5 mmol/L KCl), or high potassium (60 mmol/L KCl), respectively. Cell

superfusates were collected and glutamate content measured using

an Amplex Red glutamic acid assay (Invitrogen, Fisher Scientific, UK).

10 μL superfusates were combined with 10 μL detection mix

(100 mmol/L Tris‐HCl, pH 7.4 containing 26 μg/mL Amplex UltraRed,

0.25 U/mL horseradish peroxidase, 0.08 U/ml glutamate oxidase,

0.5 U/mL glutamate pyruvate transaminase and 200 μmol/L alanine)

in black 384‐well Optiplates (Perkin Elmer). Plates were incubated

for 30 minutes at 37°C after which 5 μL Amplex Red Stop reagent

was added to each well. Fluorescence emission at 590 nm following

excitation at 535 nm was determined using an Envision plate reader

(Perkin Elmer). Glutamate concentration of superfusates was deter-

mined by interpolation from a glutamate standard curve also run in

each assay. Data were fitted to a four‐parameter logistic equation,

pIC50 and IC50 were calculated.

2.9 | Mouse PNHD assay

Isolated, mouse left hemidiaphragms were obtained from adult male,

CD‐1 mice purchased from Charles River (Margate, UK). With the

phrenic nerve attached, they were incubated in a tissue bath (Linton

Instrumentation, Roydon, U.K. or EMKA technologies SA, Paris,

France) containing gassed Krebs‐Henseleit buffer (118 mmol/L NaCl,

1.2 mmol/L MgSO4, 11 mmol/L glucose, 4.7 mmol/L KCl, 1.2 mmol/L

KH2PO4, 2.5 mmol/L CaCl2, 25 mmol/L NaHCO3, pH 7.5). The phre-

nic nerve was continuously electro‐stimulated (10 V, 20 μseconds,

1 Hz) and the resultant isometric contractions of the diaphragm

muscle were recorded. Following a period of stability, the tissue was

incubated with 3 μmol/L tubocurarine hydrochloride (Sigma), a com-

petitive antagonist at nicotinic acetylcholine receptors on postsynap-

tic muscle cells, until > 95% paralysis of the muscle was observed.

This provided confidence that the diaphragm muscle contraction was

due to acetylcholine release from presynaptic neurons rather than

direct electrical stimulation of the muscle through the buffer.

Tubocurarine was washed out, and following a further period of sta-

bility, the control contractile tension of the muscle was recorded

before the assay buffer was exchanged for buffer containing BoNT.

Muscle activity was recorded until no further muscle contraction

was detected. The potency of BoNTs was estimated as: the time to

reduce the amplitude of diaphragm contraction to 50% (t50) of con-

trol following BoNT addition. Following complete paralysis, the mus-

cle was directly stimulated by increasing the strength of the applied

electrostimulation in order to establish continued physiological

viability of the preparation.

2.10 | Intramuscular (i.m.) administration of BoNTs
in mice and rats

Mice were anaesthetized with 4% isoflurane/oxygen in an induction

chamber before administration of an i.m. injection of BoNT diluted

to its final concentration in gelatin phosphate buffer (GPB), contain-

ing Na2HPO4 (Merck, Darmstadt, Germany) 5 mmol/L plus gelatin

10% (M/V) (Sigma) to a final concentration of 0.2%, pH adjusted to

6.5 with orthophosphoric acid (Merck), in the gastrocnemius‐soleus
muscle complex of the right hind limb. Effects of each BoNT sero-

type in mice were assessed in independent experiments. Specifically,

mice (n = 6/dose) were assessed for normal DAS response before

being treated with BoNT serotypes A (0.89, 1.33, 2, 3, 4.40, 6.70,

10, 15 pg/animal), B (0.18, 0.26, 0.39, 0.59, 0.89, 1.33, 2, 3, 4.40 pg/

animal), C (5, 15, 25, 45 pg/animal), D (1, 2.50, 5, 15, 25, 45, 80 pg/

animal), E (17.60, 26.30, 39.50, 59.30, 88.90, 100 pg/animal), and F

(3.90, 5.90, 8.80, 13.20, 19.80, 29.60, 44.40, 66.70, 90 pg/animal).

Each mouse DAS experiment also included a control group of

animals injected only with vehicle, GPB (n = 6).

Rats were anaesthetized with 3% isoflurane/oxygen in an induc-

tion chamber before administering an i.m. injection of BoNT (diluted

to its final concentration in GPB) in the peroneus muscle complex of

the left hind limb. Effects of each BoNT serotype in rats were

assessed in independent experiments. Specifically, rats (n = 6/dose)

were assessed for normal DAS response, before being treated with

BoNT serotypes A (0.50, 1, 2.50, 5, 10 pg/animal), B (500, 1000,

1500, 2000, 3000, 4000, 5000, 6500, 8000, 10000 pg/animal), C (1,

2, 4, 10, 30, 100, 300 pg/animal), D (100, 300, 1000, 5000, 10000,

15000 pg/animal), E (10, 50, 100, 200, 1200, 1600 pg/animal), and F

(25, 50, 75, 100, 200, 300, 450, 600, 900, 1200 pg/animal). Each

study included a group of control animals injected only with vehicle,

GPB (n = 6).

All BoNTs and the vehicle (GPB) were administered at 20 μL/ani-

mal volume in mice and 10 μL/animal volume in rats. The injections
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were performed using a 30‐gauge needle attached to a 100 μL

syringe. At the end of the experiment, or earlier if deemed neces-

sary, animals were culled by CO2 asphyxiation.

2.11 | DAS tests in mice and rats

The mouse DAS test was performed as previously described.17 Mice

were suspended briefly by the tail to elicit a typical startle response

characterized by the hind limb extension and abduction of digits. The

mouse DAS was assessed using a five‐point scale: DAS 0 = normal to

DAS 4 = maximal reduction in digit abduction and leg extension.

Mice were scored for DAS response at baseline (day 0) and daily on

days 1‐4 by an observer blind to treatment. DAS 4 dose was defined

as the first experimental dose inducing the mean DAS value of 4 for

that dose group. For analysis, each dose (pg/animal) was converted to

its natural logarithm and the highest average DAS score (mean DAS

max) per dose group was plotted. As the doses of 45 pg/animal for

serotype C and 90 pg/animal for serotype F caused lethality, they

were not included in subsequent analysis. Also, as serotype D failed

to induce DAS 4, it was also excluded from analysis. The data were

fitted to a four‐parameter logistic equation curve fit, with the lower

asymptote constrained to 0 and the upper asymptote constrained to

4. The obtained dose value corresponding to half‐maximal DAS (DAS

2) from the equation, it was converted to ED50 by inverting the cal-

culated value in the natural logarithm scale to its linear value.

To perform DAS test in rats,20 animals were picked by the torso

to elicit a typical startle response characterized by the hind limb

extension and abduction of digits. The DAS was assessed using a

five‐point scale: DAS 0 = normal to DAS 4 = maximal reduction in

digit abduction and leg extension. Animals were scored for DAS

response 7 hours following the BoNT injection and then twice a day

up to 15 days after injection by an observer blind to treatment. DAS

4 dose was defined as the first experimental dose inducing the mean

DAS value of 4 for that dose group. For analysis, each dose (pg/ani-

mal) was converted to its natural logarithm and the highest average

DAS score (mean DAS max) per dose group was plotted. As serotype

D failed to induce DAS 4, it was excluded from further analysis. The

data were fitted to a four‐parameter logistic equation curve fit, with

the lower and upper asymptote constrained within 0 and 4, respec-

tively. The obtained dose value corresponding to half‐maximal DAS

max (DAS 2) from the equation was converted to ED50 by inverting

the calculated value in the natural logarithm scale to its linear value.

2.12 | BW change in response to BoNT treatment
in mice and rats

In mice, BWs were monitored daily for four days and the percentage

of BW change from day 0 (% BW) was calculated for each dose. As

each serotype resulted in BW loss at high doses, a linear regression

analysis was used to calculate a theoretical dose for which there

was no weight gain (0% BW) when compared with day 0 for each

serotype. The tolerability index for each serotype in mice was calcu-

lated as 0% BW/ED50.

In rats, BWs were monitored daily for 15 days. As overall no BW

loss was detected in any treated groups (see Results below), effects

of BoNT serotypes on BW gain in the rat was assessed by calculat-

ing the difference in percent change in BW from day 0 (% BW)

between BoNT‐treated vs vehicle‐treated groups.

2.13 | Data and statistical analysis

The data and statistical analysis comply with the recommendations

on experimental design and analysis in pharmacology.24 All data are

presented as mean ± SEM unless otherwise indicated. For in vitro

assays (96‐well plate format) each individual experiment was per-

formed in triplicate to ensure the reliability of the single value, and

the average of n individual experiments was taken to represent each

data point. For ex vivo and in vivo experiments, tissue isolated from

a single animal or a single animal responsiveness represented n = 1.

The concentration response and dose‐response curves analyses

were performed using GraphPad Prism version 7.04 (GraphPad Soft-

ware Inc., La Jolla, California, USA). A four‐parameter logistic equa-

tion was fitted to the data and the pEC50, pIC50, t50 or ED50 was

calculated. The inclusion criterion was set at R2 > 0.900.

The possibility of linear correlation regarding potency for the 6

BoNT serotypes in a given pair of assays was assessed by calculating

the Pearson's coefficient, using GraphPad Prism version 7.04 (Graph-

Pad Software Inc.).

When assessing rank order of potency, a one‐way ANOVA fol-

lowed by Bonferroni's post hoc test was performed for the in vitro

assays (GraphPad Prism version 7.04, GraphPad Software Inc.). For

the mouse ex vivo mPNHD assay, a linear regression was fitted to

the data from each serotype (JMP Pro 13.0.0, copyright 2016, SAS

Institute Inc, Cary, North Carolina, USA). Then, a predicted dose

from a specified t50 time, 70 minutes, was calculated for all toxins,

and the pmol/L potency was normalized to the least potent toxin,

here serotype D, as described in Ref. 25. Comparison by Z‐test fol-

lowed by Sidak correction was used for potency ranking (JMP Pro

13.0.0, SAS Institute Inc). The symbol “>” was used between data-

sets that revealed statistical significance and the symbol “=”was used

between datasets showing no significant difference. The symbol “,”

was used to indicate the rank order of potency in the in vivo experi-

ments, for which statistical analysis was not performed (n = 1 ED50

value calculated per serotype). In vivo BW data (see Tables S1 and

S2) were analyzed by one‐way ANOVA followed by Dunnett's post

hoc analysis (JMP 13.1.0., SAS Institute Inc). Statistical significance

was established at P < 0.05 throughout the manuscript.

3 | RESULTS

3.1 | SNARE cleavage in rat in vitro assays

BoNT serotypes A to F produced a concentration‐dependent
increase in SNARE cleavage in the three rat in vitro assays tested

(see Figure 1 and Table 1). The maximal SNARE cleavage (~100% of

the corresponding target SNARE protein) was seen at the highest

DONALD ET AL. | 5 of 14



concentrations of each serotype tested, except for B and E in DRG

cultures in which the top concentrations did not reach a plateau in

their effect.

In SCN, the rank order of potency was BVAMP2 = A > D >

CSNAP-25 = BVAMP1 > Csyntaxin = E > F. In DRG the rank order of

potency was A > CSNAP-25 = Csyntaxin > D > F = E = BVAMP2. In

CTX, the rank order of potency was A > D = E = Csyntaxin > CSNAP-

25 > F > BVAMP2

For serotypes B and C, we studied the cleavage of two different

target SNARE proteins; namely VAMP1 and VAMP2 in SCN for

sero-type B, and SNAP‐25 and syntaxin in SCN, DRG, and CTX for

C (see Table 1). For serotype B, there was a 35‐fold difference in its
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F IGURE 1 Comparison of serotypes A1 to F1 potency in the SNARE cleavage assay in rat in vitro cell models. Panel A shows
concentration response curves for SCN, panel B shows concentration response curves for DRG, and panel C shows the concentration
response curves for CTX. Data points are mean ± SEM of n = 5‐8 independent experiments performed in triplicate (see Table 1 for further
details). Pearson's correlation analysis of the potency of A1 to F1 on SNARE cleavage assay between different rat in vitro cell models was
performed. Panel D shows the scatterplot and linear correlation between pEC50 values in SCN and CTX, panel E shows the scatterplot and
linear correlation between pEC50 values in SCN and DRG, and panel F shows the scatterplot and linear correlation analysis between pEC50

values in CTX and DRG. Cleavage of VAMP2 is depicted for B and cleavage of SNAP‐25 is depicted for C, see Table 1 for further details. CTX,
cerebral cortical neurons cell culture; DRG, dorsal root ganglion cell culture; SCN: Spinal cord neurons cell culture
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potency to cleave VAMP2 compared to VAMP1 in SCN, VAMP1

being the less preferred target. For serotype C, SNAP‐25 cleavage

was roughly equivalent (up to fourfold higher) to syntaxin cleavage

in the three models (4‐, 0.7‐, and 1.5‐fold for SCN, DRG, and CTX,

respectively).

3.2 | Neurotransmitter release in rat in vitro assays

BoNT serotypes A to F produced a concentration‐dependent
decrease in the release of glycine in SCN and in the release of gluta-

mate in CTX following BoNT intoxication (Figure 2 and Table 2). The

rank order of potency in the SCN glycine release assay was A >B >

C = D > E > F. The rank order of potency in the CTX glutamate

release assay was A > D = C = E > F = B.

In both release assays serotype A showed a residual release of

~20% at the bottom asymptote for the assay, corresponding to the

maximal concentrations tested (Figure 2). In the SCN glycine release

assay, a high residual neurotransmitter release was seen for sero-

types A, B, D, and F (21.72 ± 2.27% n = 8 for A, 16.79 ± 0.94%

n = 7 for B, 15.92 ± 1.12% n = 5 for D, and 13.20 ± 1.27% n = 7

for F, mean ± SEM n experiments run in triplicate), whereas the inhi-

bition of release was complete within margins of error for serotypes

E and C (5%‐6% range for both). There were statistical differences

for serotypes C and E in comparison to A (P < 0.05). In the CTX

assay, only serotype A showed a high residual neurotransmitter

release (24.85 ± 2.36%, mean ± SEM n = 5 experiments run in tripli-

cate), whereas other serotypes were statistically different and close

to complete inhibition of glutamate release (between 2.6 and 6% for

serotypes B, C, D, E, and F).

3.3 | Mouse PNHD assay

BoNT serotypes A to F produced a concentration‐dependent
decrease in the muscle contractility of mouse PNHD (Figure 3A,

Table 3 and Table S3). At 10 pmol/L all serotypes produced complete

inhibition of contractile force between 70 and 400 minutes (data not

shown). The rank order of potency, using a calculated concentration

that would produce a half‐paralytic time of 70 minutes for all toxins,

was A = B > E > F = C = D.

3.4 | Potency and tolerability in the mouse DAS
test

In mice, acute, i.m. administration of BoNT serotypes A, B, C, E, and

F resulted in dose‐related increases in DAS values, with maximal

scores of DAS 4 being reached 1 to 3 days postadministration (Fig-

ure S1). The ED50 values ranged from 0.7 pg/animal (for serotype B)

to 29.3 pg/animal (for serotype E, Table 4). For serotype D, no dose‐
related effects on DAS were seen, and DAS 2 value was not reached

at doses up to 45 pg/animal, whereas lethality was detected at

80 pg/animal. Thus, the rank order of BoNT potency in mice was B,

A, C, F, E; with D not being determined and considered the least

potent serotype.

Acute, i.m. administration of BoNT serotypes also resulted in

dose‐related changes in BW in mice, including BW loss at higher

doses (Table S1). The calculated doses associated with no change in

BW (0% BW) ranged from 2.8 (for serotype B) to 41.9 pg/animal (for

serotype F, Table 4). The rank order of tolerability index, calculated

as 0% BW/ED50 was B, A, F, C, E, in which serotype B had the lar-

gest tolerability index and serotype E, the smallest. Lethality was

observed in animals treated at 80 pg/animal of serotype D (without

inducing DAS 2) and those treated at 45 pg/animal of serotype C

(while inducing DAS 4). Therefore, serotype C is considered the most

toxic serotype in CD‐1 mice.

3.5 | Potency and tolerability in the rat DAS test

In rats, acute, i.m. administration of BoNT serotypes A, B, C, E and F

resulted in dose‐related increases in DAS values, the maximal score

of DAS 4 being reached 1 to 3 days postadministration (Fig. S2). The

TABLE 1 Comparison of BoNT serotypes A1‐F1 in SNARE protein cleavage assays

Serotype (target)

BoNT Potency in the SNARE cleavage assay, pEC50

Rat SCN Rat DRG Rat CTX

A (SNAP‐25) 11.84 ± 0.07 (n = 6) 10.85 ± 0.14 (n = 8) 12.57 ± 0.08 (n = 7)

B (VAMP2) 12.39 ± 0.23 (n = 7) 8.18 ± 0.27(n = 5)*,‡,§ 10.83 ± 0.08 (n = 7)*,¶,+,§

B (VAMP1) 10.85 ± 0.17 (n = 5)†,* ND ND

C (SNAP‐25) 11.00 ± 0.03 (n = 6)†,* 9.91 ± 0.16 (n = 6)* 11.21 ± 0.09 (n = 5)*,¶

C (syntaxin) 10.39 ± 0.12 (n = 6)†,*,¶ 9.71 ± 0.27 (n = 5)* 11.36 ± 0.14 (n = 5)*

D (VAMP2) 11.63 ± 0.16 (n = 6)
†

8.83 ± 0.14 (n = 6)*,‡ 11.83 ± 0.15 (n = 5)*

E (SNAP‐25) 10.30 ± 0.06 (n = 6)†,*,¶ 8.31 ± 0.16 (n = 7)*,‡,§ 11.64 ± 0.14 (n = 7)*

F (VAMP2) 10.11 ± 0.24 (n = 7)†,*,¶,‡ 8.78 ± 0.20 (n = 6)*,‡,§ 10.84 ± 0.08 (n = 5)*,¶,+

Data are mean ± SEM of n = 5‐8 independent experiments (n numbers indicated in Table) performed in triplicate. ND, not determined; BoNT, Botulinum

neurotoxins; CTX, cerebral cortical neurons cell culture; DRG, dorsal root ganglion cell culture; SNAP‐25, synaptosomal‐associated protein of 25 kDa;

VAMP, Vesicle‐associated membrane protein.

*One‐way ANOVA followed by Bonferroni's post hoc test revealed statistical significance as follows: *P < 0.05 vs A, †P < 0.05 vs B (VAMP2), ‡P < 0.05

vs C (SNAP‐25), §P < 0.05 vs C (Syntaxin), ¶P < 0.05 vs D, and +P < 0.05 vs E.
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ED50 values ranged from 0.7 (for serotype A) to 608.5 pg/animal (for

serotype B, Table 5). The ED50 values were not determined for sero-

type D, since DAS 4 was not reached. Thus, the rank order of BoNT

potency in rats was A, C, F, E, B.

At the dose range tested, none of these serotypes showed any

effect on BW gain (Table S2). A transient effect of 6500 pg/animal

of serotype B on BW gain was seen, but lacked dose‐dependency
(data not shown).

3.6 | Correlation between in vitro, ex vivo, and
in vivo data

Table 6 shows Pearson's coefficient (r) and P values for correlations

between all in vitro, ex vivo, and in vivo assays. Selected examples

of correlations are shown in Figure 4. Of all the combinations tested,

only the comparison of the corresponding neurotransmitter release

and SNARE cleavage data for SCN and CTX were significant
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F IGURE 2 Comparison of serotypes A1 to F1 potency in the inhibition of neurotransmitter release assays in rat in vitro cell models. (A)
shows concentration response curves on glycine release in SCN, and (B) shows the concentration response curves on glutamate in CTX. Data
points are mean ± SEM of n = 5‐8 independent experiments performed in triplicate (see Tables 1 and 2 for further details). Pearson's
correlation analysis of the potency of A1 to F1 on SNARE cleavage assay compared to the respective neurotransmitter release for the SCN
and CTX in vitro cell models was performed. Panel C shows the scatterplot and linear correlation between pEC50 values in the cleavage assay
and pIC50 for the neurotransmitter assay for SCN, and panel D shows the scatterplot and linear correlation between the pEC50 values in the
cleavage assay and pIC50 for the neurotransmitter assay for CTX. See Tables 1 and 2 for further details. CTX, cerebral cortical neurons cell
culture; SCN: Spinal cord neurons cell culture

TABLE 2 Comparison of BoNT serotypes A1‐F1 in
neurotransmitter release assays

BoNT potency in the K+‐evoked neurotransmitter
release assay, pIC50

Serotype Glycine (rat SCN) Glutamate (rat CTX)

A 12.42 ± 0.06 (n = 8) 12.36 ± 0.06 (n = 5)

B 11.57 ± 0.08(n = 7) * 10.78 ± 0.10 (n = 5)*,§,‡,¶

C 10.96 ± 0.05 (n = 5)*,† 11.73 ± 0.07 (n = 5)*

D 10.69 ± 0.11 (n = 5)*,† 11.95 ± 0.08 (n = 5)*

E 10.26 ± 0.11 (n = 5)*,†,‡,§ 11.67 ± 0.10 (n = 5)*

F 9.78 ± 0.04 (n = 7)*,†,‡,§,¶ 10.95 ± 0.06 (n = 5)*,§,‡,¶

Data are mean ± SEM of n = 5‐8 independent experiments (n numbers

indicated in Table) performed in triplicate. BoNT, Botulinum neurotoxinsl;

CTX, cerebral cortical neurons cell culture

One‐way ANOVA followed by Bonferroni's post hoc test revealed statis-

tical significance as follows: *P < 0.05 vs A, †P < 0.05 vs B, ‡P < 0.05 vs

C, §P < 0.05 vs D, and ¶P < 0.05 vs E.
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(P < 0.05). This significance was also retained when BVAMP1 SNARE

cleavage data were used (r = 0.933, P = 0.006*, n = 6 XY pairs)

instead of BVAMP2 values (data depicted in Table 6).

Serotype E appeared to be an outlier when the mouse PNHD

was compared to the mouse DAS (Figure 4A) and, if this serotype

was excluded from the analysis, a correlation was observed

(r = 0.966, P = 0.034*, n = 4 XY pairs).

4 | DISCUSSION

This study provides for the first time comprehensive profiles of the

purified native, commercially available and research grade BoNT ser-

otypes A1 to F1 in rodent in vitro, ex vivo, and in vivo assays.

Here, BoNT serotype A1, the most potent serotype in the clinic,

was also the most potent serotype in all rodent assays tested here,

except for the mouse DAS test in which serotype B1 appeared to be

the most potent. The potency rankings of serotypes across the

in vitro assays are in broad agreement with previously reported data

in SCN (A>C~E>B; 26), DRG (A>C>F>B)15, and CTX

(A∼C>E>B>F).27 The high potency of A in comparison to other ser-

otypes has been also confirmed ex vivo and in vivo, such as when

assessing A and B in the mouse PNHD,22,28 A, B, and E in the mouse

PNHD,29 A, B, C, and F in the mouse DAS,18 and serotypes A to F

in the rat compound muscle action potential (CMAP)30. Interestingly,

there are some exceptions to A being the most potent serotype in

both mammalian and nonmammalian species.31,32

BoNT serotype B, the only alternative to A used currently in the

clinic, displays lower efficacy in humans due to a mutation in the

synaptotagmin 2 receptor which results in its poor affinity at this

receptor.33 Here, B1 was highly potent in mice both in the PNHD

and in vivo models, consistent with previously reported data for this

species in in vitro and ex vivo assays.34 In rats, B1 was the least

potent serotype in vivo as well as in the SCN assay when evaluating

VAMP1 cleavage, in agreement with reports of VAMP1 being rela-

tively resistant to cleavage by serotype B35 and the role of VAMP1

at neuromuscular junctions.34 However, B1 was among the most

potent toxins in the SCN assay when evaluating VAMP2 cleavage or

neurotransmitter release, by ~35‐fold difference compared to

VAMP1. Somewhat surprisingly, B1 was the least potent serotype in

the CTX (VAMP2 cleavage and neurotransmitter release) and DRG

(VAMP2 cleavage) assays. Inhibition of neurotransmitter release by

serotype B in cellular assays has been reported to be driven by

VAMP2 cleavage,35 matching our finding that for both SCN and CTX

the potency exhibited by B in inhibiting release was correlated with

the potency at cleaving VAMP2 (N.B. VAMP1 cleavage was not

determined in CTX and DRG cultures). Further experiments are

needed to clarify the roles of serotype B protein receptors and

targets in rats.

BoNT serotypes C, E, and F have been used in humans in a small

number of case studies.36 Serotype C has a temporal profile similar

to that of A and shows a positive clinical outcome in patients.36

Here, serotype C1 was the second most potent serotype in DRG,

only surpassed by A1. The high potency in the sensory model DRG

could make C1 a potential starting point to develop a BoNT‐based
therapeutic aimed at sensory conditions. However, in this study C1
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F IGURE 3 Comparison of serotypes A1 to F1 potency in ex vivo
and in vivo models. (A) shows concentration responses in mouse
phrenic nerve hemidiaphragm (PNHD) assay. (B) shows
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nerve hemidiaphragm; PNHD: phrenic nerve hemidiaphragm assay
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was the most lethal serotype in the in vivo mouse assay. Neurotoxic-

ity of serotype C1 has been linked to the ability to cleave two inde-

pendent SNARE proteins, SNAP‐25 and syntaxin.37 Interestingly,

cleavage activity and lethality of serotype C1 can be modulated

using recombinant techniques. Cleavage of SNAP‐25 by serotype C1

has been linked to its lethality, whereas its cleavage of syntaxin

would be responsible for its induced neuromuscular paralysis.38

Here, the potency of serotype C1 at cleaving SNAP‐25 and syntaxin

was almost equivalent in SCN, CTX, and DRG confirming previous

reports using rat hippocampal neurons.39 In this study, serotype C1

was the second most potent serotype in rat DAS, measuring muscle

relaxation, only surpassed by A. This is well‐aligned with the activity

of serotype C in the rat CMAP analysis in vivo.30 Also, serotype C

was found as potent as A in the DAS test performed in Swiss Web-

ster mice.18

In humans, BoNT serotypes E and F both are associated with a

shorter duration of action when compared to A.36,40 Therefore, we

can speculate that these two serotypes might be useful in the clinic

where a short blockade is required, for example, to immobilize dam-

aged joints in pre and postoperative care. Serotype F1 was ~three-

fold more potent than B1 and E1 in the DRG sensory model, but it

was the least potent serotype in SCN and CTX. F1 also showed

moderate potency in mouse PNHD, mouse DAS, and rat DAS, sug-

gesting it could be a potential serotype, with differentiating proper-

ties over A1, to favor sensory over motor conditions. In our study,

serotype E1 was as potent as A1 in the mouse PNHD, as similarly

reported by Rasetti‐Escargueil et al.29 In the mouse DAS test, sero-

types E1 and F1 were among the least potent serotypes, while

showing intermediate potency in the rat DAS test. The intermediate

potency of E and F is also reported in a rat CMAP study.30

In our rat DAS study, no serotype had any effect on BW at the

dose range tested. As effects on BW are thought to indicate sys-

temic spread of neurotoxin into systemic circulation, we can con-

clude that in these studies all serotypes were well‐tolerated in the

rat. A significant reduction in BW gain was seen with serotype B1 at

only a single middle dose (6500 pg/animal), thus likely lacking biolog-

ical significance. Unlike rats, CD‐1 mice showed BW loss for all sero-

types at higher doses, indicative of toxin spread into the systemic

circulation. The tolerability indexes (0% BW/ED50) in mice, following

i.m. administration, were largest in serotypes B1 and A1, intermedi-

ate with F1 and C1, and smallest with E1. In contrast, in Swiss Web-

ster mice safety margins expressed as ratios of LD50 values and

ED50 values (both following i.m. administration) showed that sero-

type F had the largest safety margin and B the smallest.17 Thus,

TABLE 3 Comparison of BoNT serotypes A1‐F1 in the mouse PNHD assay

Serotype Linear regression model
Predicted Ln (concentration)
corresponding to 70 min t50 ± SEM Normalized potency

A Y = 88.4 − 14.5*Ln(concentration), R2 = 0.789 1.3 ± 0.120 60

B Y = 71.7 − 7.6*Ln(concentration), R2 = 0.302 0.2 ± 0.848 170

C Y = 175.7 − 20.6*Ln(concentration), R2 = 0.820 5.1 ± 0.373 1

D Y = 235.9 − 30.9*Ln(concentration), R2 = 0.743 5.4 ± 0.350 1

E Y = 120.3 − 21.1*Ln(concentration), R2 = 0.865 2.4 ± 0.106 20

F Y = 162.0 − 19.0*Ln(concentration), R2 = 0.889 4.8 ± 0.138 2

For linear regressions 3‐5 concentrations per BoNT serotype were included, each concentration point having at least n = 5 independent experiments

(n = 5‐20, see Table S3 for individual data points). Z‐test analysis followed by Sidak's correction revealed the rank order of potency as follows: A = B >
E > F = C = D. BoNT, Botulinum neurotoxins; PNHD, phrenic nerve hemidiaphragm.

TABLE 4 Comparison of doses for mean ED50, DAS4, no change
in body weight (0% BW), and corresponding tolerability index values
across BoNT serotypes A1‐F1 following acute, i.m. administration in
CD‐1 mice

Serotype
ED50

(pg/animal)
DAS4 dose
(pg/animal)

0% BW
(pg/animal) 0% BW/ED50

A 2.3 15 8.5 3.7

B 0.7 4.4 2.8 4

C 10.8 45 16.5 1.5

D ND ND 34.1 ND

E 29.3 100 33.6 1.1

F 12.3 90 41.9 3.4

Four to ten groups of n = 6 animals each were treated with increasing

doses of BoNT for each serotype. For details and data calculations please

refer to material and methods and Figure S1. ND, not determined; BoNT,

Botulinum neurotoxins.

TABLE 5 Comparison of mean ED50, DAS4 doses, highest dose
tested, and effect on BW gain across BoNT serotypes A1‐F1
following acute, i.m. administration in Sprague‐Dawley rats

Serotype
ED50

(pg/animal)
DAS4 dose
(pg/animal)

Highest dose
tested(pg/animal)

Effect
on BW

A 0.7 10 10 No

B 608.5 5000 10 000 Noa

C 3.0 30 300 No

D ND ND 15 000 No

E 62.2 1600 1600 No

F 51.2 1600 4800 No

Five to ten groups of n = 6 animals each were treated with increasing

doses of BoNT for each serotype. For details and data calculations please

refer to Material and Methods and Figure S2. ND, not determined;

BoNT, Botulinum neurotoxins; BW, body weight.
aTransient effect at the dose of 6500 pg/animal.
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there are likely to be differences in BoNT tolerability across various

mouse strains.

In this study, the activity of BoNT serotypes in the different

assays did not correlate with one another, with the exception of the

respective SNARE cleavage and neurotransmitter release for SCN

and CTX, possibly hampered by the lower numbers of BoNTs tested.

Interestingly, despite the potency correlation, BoNTs produced a

maximal SNARE cleavage without this manifesting in complete abro-

gation of neurotransmitter release in all cases. For example, serotype

A1 in CTX, and A1, B1, D1, and F1 in SCN, presented a residual

neurotransmitter release of up to 25%. This contrasts with a previ-

ous study where complete paralysis in PNHD was achieved by cleav-

ing 10%‐15% of SNAP‐25.41 In this study, all BoNTs did produce a

maximal muscle paralysis in the PNHD assay at 10 pmol/L, with D1

showing low potency. The results for serotype D1 are in contrast to

previous reports using recombinant or native BoNT/D.25,42 The

lower potency of serotype D1 found here by that study may be due

to differences in purity (<50% purity in this study), toxin, toxin man-

ufacture, or experimental conditions. All serotypes, with the excep-

tion of D1, resulted in maximal DAS values in mice and rats,

indicative of muscle flaccidity. In mice, D1 serotype resulted in DAS

values up to 2 were observed at the tolerated doses (up to 45 pg/

mouse), followed by lethality (at 80 pg/mouse). This would indicate a

greater spread to systemic circulation for this serotype, possibly dri-

ven by its mechanism of binding at the neuromuscular junction.

Serotype E1 showed a high potency in mouse PNHD and low

potency in in vivo mouse DAS test. When E1 was excluded from

the analysis, the mouse PNHD and in vivo mouse DAS data did cor-

relate. Regarding the rat assays, the in vivo assessment and the

in vitro models did not correlate.

The different assays presented here can have unique potential

utility in the screening cascade of future BoNT therapeutics. While

SCN and CTX represent spinal (source of neurons innervating the

neuromuscular junction) and supraspinal neurons, respectively, rat

DRG are a source of sensory neurons. However, the lack of correla-

tion between the in vitro and in vivo bioassays seen here should be

a note of warning on the general proposal of the use of cells in cul-

tures as an alternative to experimental animals. The mPNHD and

DAS tests represent an isolated and integrative model of the neuro-

muscular junction, respectively, whereas weight gain provides infor-

mation on the systemic effect of the toxins. Therefore, the DAS test

may be a more relevant physiological model for the neuromuscular

effect of BoNTs, which is complex and integrative. Considering the

respective serotypes, in all assays BoNT/A displayed the highest
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F IGURE 4 Pearson's correlation analysis of the potency of serotypes A1 to F1 on in vitro, ex vivo and in vivo assays. The scatter plot and
linear correlation are shown for (A) between the mouse PNHD and the mouse DAS assays, (B) between the mouse DAS and the rat DAS
assays, (C) between the rat SCN SNARE cleavage and the rat DAS assays, and (D) between the rat DRG SNARE cleavage and the rat DAS
assays. Data shown are mean potency values (EC50, t50 at 10 pmol/L toxin concentration or ED50, as appropriate). For the SNARE cleavage
assays cleavage of VAMP2 is depicted for serotype B1 and cleavage of SNAP‐25 is depicted for serotype C1. All correlations shown have 5
paired data points (A1 to F1 except D1, for which potency in in vivo assays was not determined). See Figures 1-6 and Tables 1-5 for further
details. DAS, Digit Abduction Score; DRG, dorsal root ganglion cell culture; PNHD, phrenic nerve hemidiaphragm
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potency which agrees with clinical findings. Future more extensive

clinical data on the different serotypes would allow for further analy-

sis and elucidation of the potential utility of those models as transla-

tional assays.

When looking at the different serotypes the increased potency

of serotypes C1 and F1 in the sensory DRG cultures compared to

the rest of the assays, which are mainly indicative of function at the

neuromuscular junction, may indicate a specificity of these serotypes

for sensory neurons.

5 | CONCLUSION

The native BoNT serotypes A1 to F1 are highly potent neurotoxins

in rodent assays, except for serotype D1 in vivo in mice and rats.

Rat models were found to be not suitable to study the potency of

serotype B1.

Potency differences of BoNT serotypes in tissues and species

can be exploited to develop unique novel BoNT‐based therapeutics.

In particular, serotypes F1 and C1 could be the base of new botuli-

num products aimed at the somatosensory system.
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