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Abstract
Clinically used botulinum neurotoxins (BoNTs) are natural products of Clostridium 
botulinum. A novel, recombinant BoNT type A1 (rBoNT/A1; IPN10260) has been 
synthesized using the native amino acid sequence expressed in Escherichia coli and 
has previously been characterized in vitro and ex vivo. Here, we aimed to charac-
terize rBoNT/A1 in vivo and evaluate its effects on skeletal muscle. The properties 
of rBoNT/A1 following single, intramuscular administration were evaluated in the 
mouse and rat digit abduction score (DAS) assays and compared with those of natural 
BoNT/A1 (nBoNT/A1). rBoNT/A1-injected tibialis anterior was assessed in the in situ 
muscle force test in rats. rBoNT/A1-injected gastrocnemius lateralis (GL) muscle was 
assessed in the compound muscle action potential (CMAP) test in rats. The rBoNT/A1-
injected GL muscle was evaluated for muscle weight, volume, myofiber composition 
and immunohistochemical detection of cleaved SNAP25 (c-SNAP25). Results showed 
that rBoNT/A1 and nBoNT/A1 were equipotent and had similar onset and duration 
of action in both mouse and rat DAS assays. rBoNT/A1 caused a dose-dependent 
inhibition of muscle force and a rapid long-lasting reduction in CMAP amplitude that 
lasted for at least 30 days. Dose-dependent reductions in GL weight and volume and 
increases in myofiber atrophy were accompanied by immunohistochemical detection 
of c-SNAP25. Overall, rBoNT/A1 and nBoNT/A1 exhibited similar properties follow-
ing intramuscular administration. rBoNT/A1 inhibited motoneurons neurotransmitter 
release, which was robust, long-lasting, and accompanied by cleavage of SNAP25. 
rBoNT/A1 is a useful tool molecule for comparison with current natural and future 
modified recombinant neurotoxins products.
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1  |  INTRODUC TION

Botulinum neurotoxins (BoNTs), produced by Clostridium botulinum 
and related bacteria, are the most potent toxins known. The BoNT 
serogroup comprises at least eight serotypes (A-G, X) and over 40 
subtypes.23 All BoNTs share the same three structural domains, the 
binding and translocation domains comprise a 100-kDa heavy chain 
and a catalytic domain comprises a 50-kDA light chain, these chains 
are linked by a disulfide bond.29 Upon binding to cell surface recep-
tors of nerve endings, BoNT is internalized and the catalytic domain 
is translocated into the cytosol where the disulfide bond is reduced. 
Once freed, the light chain cleaves specific soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) proteins, in-
hibits fusion of synaptic vesicles with the presynaptic membrane, 
and blocks neurotransmitter release. Specifically, BoNT serotype A 
(BoNT/A) binds to synaptic vesicle protein isoforms 2A-C (SV2A-C) 
and cleaves Synaptosomal-Associated Protein of 25 kDa (SNAP25) 
on the plasma membrane of presynaptic terminal of neurons.24 It 
inhibits acetylcholine (Ach) release at the neuromuscular junction 
(NMJ) which leads to the characteristic flaccid paralysis observed 
in botulism.29

A growing number of medical and esthetic applications use 
A1 and B1 BoNT subtypes purified from Clostridium botulinum. 
Currently, several commercial formulations of BoNT/A1 (Botox®, 
Dysport®, Xeomin®) are approved for cosmetic uses as well as for 
therapeutic indications such as upper and lower limb spasticity in 
adults and children, dystonia, blepharospasm, hypersalivation, over-
active bladder, and migraine.32 While the commercially available 
neurotoxins are sourced from native Clostridium botulinum bacterial 
hosts, there are growing efforts to develop recombinant neurotoxins 
using other expression hosts such as Escherichia coli. For example, 
recombinant BoNT serotypes A, B, C, D, E, and F have been well-
characterized in vitro and in vivo.37 In addition, recombinant BoNT/E 
has been tested in a clinical trial and has shown efficacy in reducing 
the compound muscle action potential (CMAP) in the extensor digi-
torum brevis of healthy volunteers.25

A novel, recombinant BoNT/A1 (rBoNT/A1) has been synthe-
sized using the native amino acid sequence expressed in E. coli using 
already established methods.14,36 It has been characterized in vitro 
and ex vivo and confirmed to be biochemically and functionally com-
parable with native BoNT/A1 (nBoNT/A1)15. Specifically, rBoNT/A1 
was as efficacious as nBoNT/A1 in inhibiting Ach release by cleaving 
SNAP25, as demonstrated in a cell-based assay of rat embryonic spi-
nal cord neurons and in ex vivo mouse phrenic nerve hemidiaphragm 
assay.

The aim of the current study was to characterize the properties 
of rBoNT/A1 in vivo. First, we aimed to compare the properties of 
rBoNT/A1 with those of nBoNT/A1 in an assay reflecting the func-
tional activity of a skeletal muscle, the digit abduction score (DAS) 
assay, in mice and rats. The DAS assay is based on the reflexive 
spread of digits in rodents and is used to measure local paralysis 
after intramuscular (i.m.) injection of BoNT into the hindleg.1,2,5 The 
dose–effect relationship between the amount of injected BoNT and 

its local paralytic effect allows for the determination of BoNT po-
tency, onset, and duration of action. Second, we aimed to further 
characterize the functional activity of rBoNT/A1 by evaluating its ef-
fects on the contractile and electrical properties of injected muscle 
and its morphology using the in situ muscle force assay. This assay 
measures the force generated by the injected muscle after electrical 
sciatic nerve stimulation.20 Third, we aimed to measure compound 
muscle action potential (CMAP) to evaluate the effect of BoNT on 
the electrical properties of the muscle over a 30-day period. Change 
in CMAP amplitude is a sensitive measure of BoNT activity in terms 
of onset, time to peak, and duration.31,33 Furthermore, we aimed to 
assess the effect of rBoNT/A1 on muscle morphology by measuring 
muscle weight, volume, and fiber size, as nBoNT/A1-based products 
are known to induce muscle atrophy in preclinical models18,34,35 and 
in the clinic.11 Finally, we aimed to confirm the enzymatic activity of 
rBoNT/A1 in injected muscle via immunohistochemical detection of 
cleaved SNAP25 (c-SNAP25).

2  |  MATERIAL S AND METHODS

2.1  |  Animals

Adult male CD-1 mice were purchased from Charles River 
Laboratories and housed six per cage. Adult, female Sprague–
Dawley rats were purchased from Janvier Labs, housed two to four 
per cage and remained in free estrous cycle when tested. We used 
female rats as they are slower to gain body weight compared with 
males and easier to handle in experiments involving longitudinal 
testing. Mice and rats housed in the Ipsen Innovation animal facility 
were kept on a 12 h light/dark cycle (lights on from 07:00 to 19:00). 
Rats housed in the Neurofit animal facilities were kept on a reversed 
12 h light/dark cycle (lights on from 18:00 to 06:00). All animals 
were maintained in an enriched environment under a constant tem-
perature (22 ± 2°C) and humidity (55% ± 5%) with food and water 
available ad libitum. Animals were acclimatized for at least 7 days 
prior to experimentation.

Experimental procedures were reviewed and approved by the 
Ethics Committees of Ipsen Innovation (C2EA) and Neurofit (CEEA). 
Studies were performed in full compliance with the ARRIVE guide-
lines, European Communities Council Directive 2010/63/EU and 
French National Committee decree 87/848.

All in vivo experiments were performed within Ipsen laborato-
ries, except for the CMAP assay, which was performed at Neurofit.

2.2  |  BoNT

rBoNT/A1 gene synthesis, expression in E. coli, and purification 
methods are described by Hooker et al.15 rBoNT/A1 activity in vitro 
was confirmed through cell-based assays (SNAP25 cleavage) using 
rat embryonic spinal cord neuronal (eSCN) cultures. rBoNT/A1 activ-
ity ex vivo was shown in the mouse phrenic nerve hemidiaphragm.15
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Research-grade purified nBoNT/A1 (150 kDa) was purchased from 
List Biological Laboratories. The molecular activity was previously 
confirmed in glycine and glutamate release assays, in SNAP25 cleav-
age using either rat eSCN or spinal cord neuronal cultures, and in the 
mouse nerve phrenic hemidiaphragm assay.10,15 nBoNT/A1 was recon-
stituted in 1 mg/ml bovine serum albumin (Sigma-Aldrich) in Dulbecco's 
phosphate-buffered saline (Sigma) to obtain a 0.1 mg/ml stock solution 
that was stored at −80°C as single-use aliquots. rBoNT/A1 was stored 
at −80°C, as single-use aliquots, at 0.1 mg/ml in phosphate-buffered 
saline (KH2PO4 1 mM, Na2HPO4 3 mM, NaCl 155 mM, pH 7.4). Working 
solutions were prepared with gelatin phosphate buffer (GPB) to yield 
the final desired concentrations (see below). GPB was prepared using 
0.2% v/v gelatin (Prionex®, Sigma), 0.7% w/v Na2HPO4 (Emsure®, 
Merck), and sterile water for irrigation (Ecotainer®, Aqua B. Braun). The 
final pH was adjusted to 6.5 using orthophosphoric acid (85%; Merck).

2.3  |  DAS assay in mice

The mouse DAS assay was performed as described previously.2 Mice 
were suspended briefly by the tail to elicit a typical startle response 
characterized by hindlimb extension and abduction of digits. The digit 
abduction response of each mouse was scored live using a 5-point 
scale, from normal reflex/no inhibition (DAS 0) to full inhibition of digit 
abduction (DAS 4). Male CD-1 mice (24–30 g) were prescreened for a 
normal digit abduction response before the experiment; those show-
ing abnormal digit abduction responses or hind paw deformities were 
excluded. Animals were randomized before the experiment to obtain 
comparable mean body weight in each group.

Mice were anaesthetized with a 3% isoflurane/oxygen mixture 
prior to BoNT/A1 or vehicle administration. Using a 30-gauge needle 
attached to a 100 µl syringe (SGE Analytical Science, Interchim), the 
needle was inserted into the gastrocnemius–soleus muscle complex 
of the right hindlimb and a fixed 20  µl volume was injected. Both 
nBoNT/A1 and rBoNT/A1 molecules were evaluated in independent 
experiments (each performed in duplicate). rBoNT/A1 was injected 
at 0.26, 0.40, 0.59, 0.89, 1.33, 2.00, 3.00, 4.40, 6.70, 10, and 15 pg/
mouse, whereas nBoNT/A1 was injected at 0.89, 1.33, 2.00, 3.00, 
4.40, 6.70, 10, and 15 pg/mouse (n =  6/dose/experiment). A con-
trol group (n = 6) injected with vehicle (GPB) was included in each 
experiment. All DAS scoring was performed blinded by the same 
operator and was conducted 8 h post administration, then once a 
day for 4 consecutive days. The body weight assessment and mon-
itoring of clinical signs was performed daily. At the experiment end, 
or earlier if considered necessary, animals were euthanized by CO2 
asphyxiation.

2.4  |  DAS assay in rats

The rat DAS assay was performed as described previously.5 The 
hindlimb digit abduction reflex was induced by grasping the animal 
lightly around the torso and lifting it swiftly into the air or by lifting 

it with the nose pointing downward. The digit abduction response of 
each rat was scored on a 5-point scale, from normal reflex (DAS 0) to 
full inhibition of the digit abduction reflex (DAS 4). Female Sprague-
Dawley rats (170–200 g, n = 6/dose/experiment) were prescreened 
for a normal digit abduction response; those showing abnormal digit 
abduction responses or hind paw deformities were excluded from 
the study. Animals were randomized before the experiment to ob-
tain comparable mean body weight in each group.

Under 3% isoflurane/oxygen anesthesia, rats were administered 
with 10 µl of BoNT/A1 or vehicle into the peroneal muscle complex 
using an identical dose range (0.50, 1.00, 2.50, 5.00, and 10  pg/
rat) for each toxin, with a control group (n = 6) injected with vehicle 
(GPB) included in each experiment. DAS scoring was performed 7 h 
post-administration, twice a day on days D1–D3 for nBoNT/A1, once 
on D4, and once per day on D6 and D7 or D5 and D7 for nBoNT/A1 
and rBoNT/A1, respectively. Experiments (each tested in duplicate 
independent experiments) were blinded, with scoring performed by 
the same operator, and body weight recorded daily. At the exper-
iment end, or earlier if considered necessary, animals were eutha-
nized by CO2 asphyxiation.

2.5  |  In situ muscle force test

The in situ muscle force test was adapted from the method described 
by Ma et al.20 to record muscle force from the tibialis anterior mus-
cle. Female rats (210–270 g) were anaesthetized with 3% isoflurane/
oxygen before receiving a single injection (250 µl/kg body weight) 
of rBoNT/A1 (0.30, 1.00, 3.00, and 10 pg/kg) or vehicle (GPB, n = 6/
group), through the skin, into the belly of the left tibialis anterior 
muscle. Based on our findings from the rodent DAS assays, muscle 
force measurements were performed 3  days post-administration. 
After rBoNT/A1 injection, animals received a subcutaneous injection 
of buprenorphine (0.01 mg/kg), followed by intraperitoneal injection 
of a ketamine (40 mg/kg) and xylazine (15 mg/kg) mix 30 min later. 
Animals were weighed daily from the day of injection (D0) to D3. On 
D3, animals were anesthetized with 3% isoflurane/oxygen. The tibi-
alis anterior muscle was then exposed, and its distal tendon was cut 
and attached to a force transducer (Aurora Scientific Europe) with a 
silk ligature. The sciatic nerve was exposed at the level of the hip and 
the knee and foot were fixed with clamps. Isometric contraction of 
the tibialis anterior was induced by stimulating the sciatic nerve with 
a bipolar electrode at 100 Hz, 10 mA, 300 ms (610A Dynamic Muscle 
Control LabBook software, Aurora Scientific). The absolute maximal 
force was determined at optimal length (length at which maximal 
tension was obtained during tetanus) and expressed in Newtons (N, 
611A Dynamic Muscle Analysis software, Aurora Scientific). At the 
experiment end, the rats were euthanized by intraperitoneal sodium 
pentobarbital injection; the injected/ipsilateral and non-injected/
contralateral tibialis anterior were then collected for muscle weight 
assessment. The calculated muscle force was normalized to muscle 
mass (also called the estimate of specific maximal force sP0) and ex-
pressed as N/g of muscle.
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2.6  |  CMAP

CMAP assessment was performed as previously described6 and 
recording was performed with a Keypoint electromyograph 
(Medtronic). Subcutaneous monopolar needle electrodes (No 
9013R0312; Medtronic) were used for both stimulation and record-
ing. A ground electrode was placed in the paw pad of the recorded 
hind paw. The sciatic nerve was stimulated with a single pulse 
(12.8 mA of 0.2 ms duration) by a monopolar needle placed at the 
sciatic notch. CMAP was recorded by needle electrodes placed into 
the center of the gastrocnemius lateralis muscle. Female rats were 
anaesthetized using a 2–3% isoflurane/oxygen mixture and placed 
in a prone position. Once the electrodes were implanted, stimula-
tion of the sciatic nerve and CMAP recording in the gastrocnemius 
muscle were performed. After recording, the animal was returned to 
its home cage.

We chose to explore rBoNT/A1 onset and duration of action at 
the 0.5 pg/kg dose, which we observed to trigger a submaximal re-
duction in CMAP amplitude in the injected muscle. A week prior to 
D0, a baseline CMAP measurement was performed on two groups 
of rats (170–190  g, n  =  8–12/group). Animals were randomized 
to obtain comparable mean body weight in each group. Animals 
received a 20 µl i.m. injection of rBoNT/A1 (0.50 pg/kg) or vehi-
cle (GPB) into the right gastrocnemius lateralis. CMAP amplitudes 
were measured in the same muscle on post-injection D1, D2, D3, 
D6, D10, D20, and D30 after which animals were euthanized by 
CO2 asphyxiation.

2.7  |  Muscle atrophy and immunohistochemical 
analysis of c-SNAP25

Female rats (170–200  g, n  =  6/group) were anesthetized with an 
isoflurane/oxygen mixture before receiving a 20 µl i.m. injection of 
vehicle (GPB) or rBoNT/A1 (1.00, 5.00, 25, 50, 100, and 200 pg/kg) 
into the right gastrocnemius lateralis. We chose a range of doses 
based on early findings that they did not cause changes in body 
weight gain. Thirty days after administration (corresponding to the 
time of previously observed maximum BoNT/A1-induced myofiber 
atrophy in rats), animals were deeply anesthetized with 5% isoflu-
rane and euthanized via exsanguination before both right (ipsilateral, 
injected) and left (contralateral, noninjected) gastrocnemius lateralis 
muscles were harvested. Muscles were weighed and their volume 
measured using a plethysmometer (Bioseb).

Harvested muscles were fixed in 10% v/v formalin (VWR 
Chemicals) for 48 h and following a dehydration protocol, muscles 
were embedded in paraffin blocks and histologic slides were pre-
pared. A cross-section taken at the level of the muscle belly was 
used to calculate muscle fiber area, and an adjacent section was used 
for immunohistochemical detection of SNAP-25 cleaved by rBoNT/
A1 (c-SNAP25).

To determine muscle fiber area, tissue sections were stained 
with a reticulin contrast kit (Biognost), allowing identification and 

segmentation of myofibers. Stained slides were scanned and key 
parameters for each fiber were automatically derived from images 
of individual cross-sections using the CARPACCIO.cloud algorithms 
adapted for reticulin staining,30(http://www.carpa​ccio.cloud). Fiber 
area frequency distribution was calculated by determining the num-
ber of fibers within intervals of 0.1 × 103 µm2 and dividing by the 
total number of fibers in the cross-section.

For immunohistochemical c-SNAP25 staining, an in-house pri-
mary rabbit polyclonal antibody (EF14007, Ipsen Innovation) spe-
cific to BoNT/A1 cleaved form of SNAP25 was used. This antibody 
specificity was tested by assessing staining colocalization with a 
mouse monoclonal antibody for the SNAP25 N-terminal part (SYSY 
111 011, Synaptic Systems) in rats injected muscle treated with ve-
hicle or rBoNT/A1 highest dose of 200 pg/kg. After a heat-induced 
epitope retrieval step, endogenous peroxidases were blocked for 
10 min in a 3% H2O2 solution. The sections were incubated with 
the two primary antibodies EF14007 and SYSY 111 011. Sections 
were then incubated with the appropriate secondary antibodies 
(Alexa555-conjugated and Alexa488-conjugated for EF14007 and 
SYSY 111 011 respectively, Thermo Scientific). Finally, slides were 
mounted using DAPI Fluoromount G (Thermo Scientific). Images 
were collected using an Olympus Microscope BX43F equipped with 
epifluorescence and processed using GIMP software. For quan-
tification of c-SNAP25 staining in rat muscles, a standard avidin–
biotin–peroxidase procedure was used. After heat-induced epitope 
retrieval and endogenous peroxidases blocking steps, sections 
were incubated with EF14007. They were then incubated with a 
biotinylated anti-rabbit immunoglobulin G, secondary antibody for 
30 min (Vector Laboratories), followed by a 30-min incubation with 
an amplification system (avidin-biotin) coupled with horseradish 
peroxidase (Vector Laboratories). Finally, sections were incubated 
for 5 min with a 0.02% diaminobenzidine solution (DAKO), coun-
terstaining was performed using hematoxylin, and the slides were 
visualized under the light microscope. The amount of c-SNAP25 in 
the tissues was determined by a 5-point scale scoring system, based 
on a combination of criteria, that is, intensity and density of NMJ 
staining and the presence of staining in terminal nerve endings and 
larger intramuscular nerves (Table 1).

2.8  |  Data and statistical analysis

The data and statistical analysis of this study fully comply with 
the recommendations on experimental design and analysis in 
pharmacology.8,9 All data in the text and figures are presented as 
mean ± standard error of the mean (SEM) and statistical significance 
was set to p < 0.05.

For the mice and rat DAS assay, the highest average DAS score 
(mean DAS max) per dose group was plotted against the natural log-
arithm of each dose. A four-parameter logistic equation curve was 
fitted, with the lower and upper asymptotes constrained to 0 and 4, 
respectively. The dose resulting in half-maximal DAS value (DAS 2, 
ED50) was calculated from the equation. The DAS 4 dose was defined 

http://www.carpaccio.cloud
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as the first experimental dose inducing the mean DAS value of 4 for 
that dose group. The ED50 of nBoNT/A1 and rBoNT/A1 were com-
pared using Student's t test for statistical significance. Body weight 
data were analyzed using a one-way analysis of variance (ANOVA) 
and post-hoc Dunnett's test for multiple comparisons.

In situ muscle force values were normalized, plotted against the 
doses and fitted with a Weibull growth curve adjusted with the fol-
lowing equation: %inhibition = a*(1 − exp(−(dose/b)c)), where a is the 
high asymptote, b is the inflection point, and c is the growth rate. 
The dose that induced inhibition of 50% of the maximal normalized 
force (ED50) was calculated from the control group. For ipsilateral 
and contralateral sides, sP0 and muscle weight were analyzed using 
a one-way ANOVA followed by an adjusted Student's t test for sig-
nificance with respect to the vehicle-treated group. Body weights 
were analyzed using a two-way repeated measure analysis of covari-
ance followed by Dunnett's post hoc test.

For muscle weight and volume analysis, mean values from 
BoNT/A1 and vehicle-injected rats were compared using a two-way 
ANOVA followed by Tukey's multiple comparison test.

For c-SNAP25 staining analysis, the mean of each group from 
BoNT/A1-injected rats was compared with vehicle-injected rats 
using a Kruskal–Wallis test followed by uncorrected Dunn's test.

Muscle fiber area frequency distribution was analyzed from data 
automatically derived from images of individual muscle cross-sections. 
Results from each cohort were calculated by taking the mean ± SEM 
at each interval and the significance of the linear association between 
doses was calculated using the Pearson correlation coefficient.

3  |  RESULTS

3.1  |  DAS assay in mice

Following i.m. administration of rBoNT/A1 and nBoNT/A1 at 0.89–
10 pg/mouse, mean [95% CI range] ED50 values for rBoNT/A1 and 
nBoNT/A1 were 1.3 [1.17–1.56] and 1.6 [1.32–1.96] pg/mouse, 
respectively (Figure  1A). For both BoNT/A1 molecules, rapid and 
dose-dependent increases in DAS were observed (Figure 1B). Mice 
treated with either BoNT/A1 showed maximal inhibition of the digit 
abduction (DAS 4) 1–2 days after treatment. The doses causing the 
half-maximal (1.33 pg/mouse) and maximal inhibition (10 pg/mouse) 

of digit abduction were similar for both BoNT/A1 molecules, as were 
their time course profiles (Figure 1B).

Both rBoNT/A1 and nBoNT/A1 injections affected body weight 
gain. Specifically, animals treated between 1.33 and 4.40 pg/mouse of 
rBoNT/A1 gained less weight than vehicle-treated controls. Animals 
treated at 6.70 pg/mouse rBoNT/A1 gained no weight, whereas those 
treated at 10 pg/mouse lost body weight (Figure 1C). Similarly, ani-
mals treated between 3.00 and 4.40 pg/mouse of nBoNT/A1 gained 
less body weight than vehicle-treated controls, whereas those treated 
at 6.70 and 10.00 pg/mouse lost body weight (Figure 1C). Changes in 
body weight gain following treatment of either BoNT/A1 were most 
pronounced between 3 and 4 days post-injection (Figure 1C). In one 
experiment per compound, animals treated at 15 pg/mouse showed 
clinical signs (ruffed fur, abdominal ptosis, palpebral ptosis) associated 
with a BW loss above 20%. These animals were humanely euthanized 
before the experiment end, the data were excluded from the analysis 
and the dose was excluded from further studies.

3.2  |  DAS assay in rats

Following i.m. administration of rBoNT/A1 and nBoNT/A1 at 
0.50–10 pg/rat, mean [95% CI range] ED50 values for rBoNT/A1 
and nBoNT/A1 were 0.8 [0.60–1.08] and 1.3 [1.05–1.58] pg/rat, 
respectively (Figure 2A). Both BoNT/A1 molecules caused rapid 
and dose-dependent increases in DAS (Figure 2B). rBoNT/A1 and 
nBoNT/A1-treated animals showed maximal inhibition of digit ab-
duction (DAS 4) 1–2 days after dosing. The doses causing the half-
maximal (1.00 pg/rat) and maximal inhibition (10 pg/rat) of digit 
abduction were similar for both BoNT/A1 molecules (Figure 2B).

At the dose range tested, neither rBoNT/A1 or nBoNT/A1 had 
any effect on body weight gain up to 7 days of testing (Figure 2C).

3.3  |  In situ muscle force test

A single i.m. administration of rBoNT/A1 dose dependently de-
creased the muscle force generated by nerve stimulation of the ip-
silateral tibialis anterior. Specifically, 0.30, 1.00, 3.00, and 10 pg/kg 
rBoNT/A1 caused 17%, 50%, 74%, and 92% reductions in muscle 
force compared with that of vehicle-treated animals (all p  <  0.05; 

Score Criteria

1 Very few and/or very weak/partial staining of NMJ only

2 Some moderate staining of frequent NMJ
No staining of terminal nerve endings
No staining of intramuscular nerves (±10 axons in thickness)

3 Strong staining of numerous NMJ
Strong staining of terminal nerve endings
No staining of intramuscular nerves (±10 axons in thickness)

4 Strong staining of numerous NMJ
Strong staining of terminal nerve endings
Strong staining of intramuscular nerves (±10 axons in thickness)

TA B L E  1 Scoring system used for the 
quantification of c-SNAP25 in muscles 
using immunohistochemical labeling
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Figure  3A). The ED50 of rBoNT/A1 was estimated at 1.20  pg/kg 
[0.67–1.64]. Overall, rBoNT/A1-injected tibialis anterior showed a 
tendency to weigh less than those injected with vehicle. The differ-
ence in weight between rBoNT/A1-injected and vehicle-injected tib-
ialis anterior was greatest and statistically significant (12%; p < 0.05) 
at the highest dose (10.00 pg/kg; Figure 3B). The weight of the con-
tralateral tibialis anterior was not affected by treatment (Figure 3C).

3.4  |  CMAP

An acute i.m. administration of 0.50 pg/kg rBoNT/A1 into the 
rat gastrocnemius lateralis resulted in a rapid decrease of CMAP 
amplitude, with a reduction of 56.5% on D1 and 70.3% on D6 
(Figure  4A). Thereafter, CMAP amplitude showed gradual re-
covery. By D30, inhibition of CMAP amplitude was reduced to 

F I G U R E  1 (A) Mean peak digit abduction score (DAS) curves of rBoNT/A1 or nBoNT/A1 (0.89–10 pg/mouse) 2–3 days post-
administration into the gastrocnemius–soleus muscle complex of male CD-1 mice. (B) Time course of DAS following i.m. injection of rBoNT/
A1 (left panel) and nBoNT/A1 (right panel) or corresponding vehicle (GPB). (C) Percentage change in body weight (vs. Day 0) after i.m. 
administration of rBoNT/A1 (left panel) or nBoNT/A1 (right panel) in the same experiments. Doses closest to the ED50 and DAS 4 values are 
in green and red, respectively. All values are mean ± SEM from two independent experiments (n = 6/dose/experiment). *p < 0.05 compared 
with the vehicle-treated group (black)
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30%. rBoNT/A1 (0.50 pg/kg) had no effect on CMAP amplitude 
of the contralateral gastrocnemius lateralis. The representative 
CMAP recordings at baseline (Day 7) and 24  h (Day 1) after 
vehicle or rBoNT/A1 0.5  pg/kg administration are presented 
in Figure 4B.

3.5  |  Muscle atrophy

A single i.m. injection of rBoNT/A1 (1.00–200 pg/kg) into the gas-
trocnemius lateralis resulted in a dose-dependent decrease in 
muscle weight when assessed 30  days post-injection (Figure  5A). 

F I G U R E  2 (A) rBoNT/A1 and nBoNT/A1 dose–response (0.5–10 pg/rat) in the digit abduction score (DAS) assay following a single 
i.m. injection into the peroneal muscle complex in rats. The curves correspond to mean peak DAS responses observed 2–3 days post-
administration. (B) Time course of DAS following i.m. injection of either rBoNT/A1 or nBoNT/A1 (0.5–10 pg/rat) or vehicle (GPB) into the 
peronei muscle in rats. (C) Percentage change in body weight (vs. day 0) after i.m. administration of rBoNT/A1 (left panel) and nBoNT/
A1 (right panel) in the same experiments. Doses closest to the ED50 and DAS 4 values are in green and red, respectively. All values are 
mean ± SEM from two independent experiments (n = 6/dose/experiment)
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Specifically, muscle weight was reduced by 25% at 5.00 pg/kg, 40%–
50% at 25 and 50 pg/kg, and more than 70% at 200 pg/kg compared 
with the contralateral muscle (Figure 5A). This was accompanied by 
dose-dependent reductions in muscle volume, up to 30% at 5.00 pg/
kg, 40%–55% at 25 and 50 pg/kg, and more than 70% at 200 pg/
kg (Figure 5B). No effect of rBoNT/A1 on muscle weight or volume 
was observed for the contralateral (intact) gastrocnemius lateralis 
muscle (Figure 5). There was no impact on body weight change in 
any rBoNT/A1-treated groups (data not shown).

Analysis of the distribution of muscle fibers according to their 
size showed a pronounced dose-dependent relationship between 
frequency of distribution and the myofiber area (Figure 6). In rBoNT/
A1-injected muscle, there was a dose-dependent increase in the fre-
quency of small fibers (from 0.2 to 1.1 × 103 µm²; Figure 6A). For 
example, there was little or no difference (~0.03%) in distribution 
frequency of myofiber size of 0.5 × 103 µm² between vehicle-treated 
and rBoNT/A1-treated group up to 5.00 pg/kg, while the frequency 
increased to 0.13% with 100 and 200 pg/kg. Conversely, frequen-
cies between each dose were less distinguished in medium to large 
myofibers (1.2 to 6 × 103 µm²), with the 100 and 200 pg/kg groups 
displaying the most reduced frequency (Figure 6A). The represen-
tative images of the muscle cross-section 30  days after injection 
of vehicle (GPB) or rBoNT/A1 (50 and 200 pg/kg) are presented in 
Figure 6B.

3.6  |  Immunohistochemical analysis of c-SNAP25

The EF14007 specificity for BoNT/A1 cleaved form of SNAP25 
was tested in a colocalization experiment with SYSY 111 011, a 
commercial antibody specific for the full form of SNAP25. SYSY 
111 011 can recognize both BoNT/A1 cleaved and non-cleaved 
forms of SNAP25 because of the localization of its targeted epitope 
on the SNAP25 protein (N-terminal part; Figure 7A). As shown in 
Figure 7B, in the injected muscle of vehicle-treated animals, SYSY 
111 011 detects SNAP25 protein at NMJ and nerve endings, while 
there is no labeling observed with EF14007. However, in the mus-
cle of BoNT/A1-treated animals, SYSY 111 011 recognizes SNAP25 
N-terminal, whereas EF14007 detects c-SNAP25 resulting in a per-
fect colocalization as shown in the merged image. These findings 
confirm EF14007 specificity at detecting only BoNT/A1 cleaved 
form and not the full form of SNAP25 in the immunohistochem-
istry assay.

The representative illustrations of c-SNAP25 staining used 
for scoring is presented in Figure  7C. A single administration of 
rBoNT/A1 (1.00–200  pg/kg) caused dose-dependent increases in 
c-SNAP25 staining in NMJs in the injected gastrocnemius lateralis 
when measured 30 days post-administration (Figure 8). Specifically, 
there were no or very low levels of staining in muscles injected with 
either vehicle or 1.00 pg/kg rBoNT/A1. Increased c-SNAP25 stain-
ing was observed in muscles injected with 5.00 pg/kg and the scored 
level of staining reached statistical significance at 25 pg/kg. Maximal 
c-SNAP25 staining was observed at 50 pg/kg and above (Figure 8).

F I G U R E  3 (A) The maximal muscle force (N/g) generated by the 
tibialis anterior (TA) following electrical stimulation of the sciatic 
nerve, performed 3 days after i.m. injection of rBoNT/A1 (0.3–
10 pg/kg) or vehicle (GPB). (B) Weight of the TA muscle (mg) at 
the end of the experiment. Solid color bars represent the injected 
(ipsilateral) muscle, whereas striped bars represent the non-injected 
(contralateral) muscle. (C) Percent change in body weight (vs. day 
0) on days 1–3 post-injection of rBoNT/A1 and vehicle (GPB). All 
values are mean ± SEM (n = 6/group). *p < 0.05 compared with 
contralateral leg (A and B)
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4  |  DISCUSSION

Following on from previous work, in which a novel rBoNT/A1 was 
synthesized and characterized in vitro and ex vivo,15 we evaluated 
the biologic properties of rBoNT/A1 compared with nBoNT/A1 in 
vivo following acute i.m. administration into skeletal muscle.

The DAS assay assesses hind paw muscle weakness after a 
single BoNT administration into calf muscles. Previously, the ef-
ficacy of different BoNT preparations was demonstrated in the 
DAS assay in mice10,27 and in rats.4,5,10,28 The DAS assay presents 
several advantages as it measures (1) the effect of locally admin-
istered BoNT on adaptive/functional use of the hind paw (digit 
abduction), (2) BoNT potency (ED50), (3) kinetics of BoNT, and (4) 
tolerability. To our knowledge, the present study is the first direct 
comparison of a recombinant BoNT to its natural analog using the 
DAS assay. In mice, the potency, onset, time to peak, and duration 

of rBoNT/A1 and nBoNT/A1 were comparable. Tolerability profiles 
were also comparable, as they both resulted in reduced weight gain 
and weight loss at similar doses. In rats, rBoNT/A1 and nBoNT/A1, 
injected into the peroneal muscle complex, were comparable in 
potency, kinetic, and tolerability profiles, confirming similarity of 
biologic properties.

Mice were less sensitive to rBoNT/A1 and nBoNT/A1 compared 
with rats when ED50 values are converted from pg/animal to pg/kg. 
For example, the ED50 of rBoNT/A1 in mice (48 pg/kg) is over 10-
fold higher than in rats (4.3 pg/kg). Interspecies differences in BoNT/
A1 sensitivity could be driven, in part, by specific muscle sensitivity, 
as mice were injected into the gastrocnemius–soleus complex and 
rats, the peroneal muscle complex. In addition, these complexes are 
innervated by two separated bifurcations from the sciatic nerve, the 
tibial nerve for the former, and the common peroneal nerve for the 
latter. The tibial nerve innervates knee flexors, ankle plantar flexors, 

F I G U R E  4 (A) The compound muscle action potential (CMAP) amplitude (mV) measured from the lateral gastrocnemius of female 
Sprague-Dawley rats injected with rBoNT/A1 (0.5 pg/kg) or vehicle (GPB) across days 1–30 postadministration (n = 8–12/group). (B) 
Representative CMAP recordings at baseline (Day 7) and 24 h (Day 1) after vehicle or rBoNT/A1 0.5 pg/kg administration

F I G U R E  5 Female Sprague-Dawley rats were injected with either rBoNT/A1 (1–200 pg/kg) or vehicle (GPB) into the lateral 
gastrocnemius, and both ipsilateral (black) and contralateral (gray) muscles were harvested 30 days later for determination of weight (mg; A) 
and volume (mL; B). *p < 0.05 compared with vehicle-injected animals
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and hip motion groups muscles while the common peroneal nerve 
innervates ankle everters, plantarflexors, and dorsiflexors, including 
the TA.19 These muscles are more involved in the digit abduction 
than the upper muscles. Therefore, as we demonstrated previously 
in rats, injection into the peroneus muscle complex has a more pro-
nounced effect than in the triceps surae.5 Moreover, in rats, the role 
of muscles adjacent to peroneus, such as the extensor digitorum 
longus, cannot be excluded as a result of the potential diffusion.5 
Mice were also less sensitive to onabotulinumtoxinA (onaBoNT/A) 
compared with rats in a previous DAS assay.4 This difference in sen-
sitivity was previously shown to be more pronounced when distinct 
muscles were injected, gastrocnemius in mice, and tibialis anterior 
in rats, but less pronounced when the same muscle, gastrocnemius 
was injected in both species.4 Individual muscle versus species dif-
ferences in sensitivity to BoNT requires further investigation.

As the digit abduction reflex is likely driven by coordinated ac-
tivity of multiple hindlimb muscles, it is difficult to delineate con-
tribution of a single muscle. To evaluate flaccidity-inducing effects 
of rBoNT/A1 specific to injected muscle, rBoNT/A1 was tested in 
the in situ muscle force assay, which has previously been used to 
evaluate effects of BoNTs on a range of muscles in rodents and 
in the clinic.7,13 rBoNT/A1 caused a dose-dependent reduction 
in contractile force of the tibialis anterior. Assay sensitivity was 
higher than that of the DAS, as the potency (ED50) of rBoNT/A1 
was markedly higher (1.2 pg/kg) compared with the rat DAS assay 
(4.3 pg/kg).

We used CMAP to measure direct inhibition of neuromuscular 
action potential transmission following a single i.m. rBoNT/A1 injec-
tion into the gastrocnemius lateralis muscle. CMAP amplitude has 
a high sensitivity to rBoNT/A1 activity.6,31,33 Specifically, inhibition 

F I G U R E  6 The muscle fiber size distribution in the right gastrocnemius lateralis in female Sprague-Dawley rats 30 days after they were 
injected with rBoNT/A1 (1–200 pg/kg) or vehicle (GPB; n = 6/group; A). The myofiber size distribution was analyzed from a cross-section of 
the harvested muscle. The area frequency distribution was calculated in intervals of 0.1 × 103 µm2 ± SEM. (B) The representative images of 
the muscle cross-section with reticulin staining from female Sprague-Dawley rats injected with vehicle (GPB) or rBoNT/A1 (50 and 200 pg/
kg) 30 days earlier (B, scale bar: 60 µm)
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of CMAP amplitude was obtained at a very low rBoNT/A1 dose 
(0.50  pg/kg) and lasted at least 30  days. Conversely, in the DAS 
assay, at the dose approaching ED50 (4.3 pg/kg), the effect lasted 
between 8 and 10 days. Thus, functional recovery of the digit abduc-
tion reflex can be obtained despite the presence of neuromuscular 
blockade in at least one muscle involved in the reflex. Full recovery 
of CMAP amplitude in the injected muscle is then not needed for 
functional recovery. Alternatively, incomplete functional recovery 

(incomplete CMAP amplitude recovery) in the injected muscle re-
mains, but the contribution of other muscles involved in digit abduc-
tion reflex compensates for the expression of digit abduction reflex.

We also investigated indirect biologic effects of rBoNT/A1 on 
muscle mass, volume, and myofibers size following injection into 
the rat gastrocnemius lateralis. Acute, i.m. injection of 1.00 pg/kg 
rBoNT/A1 had no effect on morphologic parameters when the mus-
cle was evaluated 30 days after toxin injection. This suggests that 

F I G U R E  7 (A) Representative images of SNAP25 protein, BoNT/A1 cleavage site and recognition sites for antibodies SYSY 111 011 
(N-terminal part) and EF14007 (BoNT/A1 cleavage site). (B) Immunofluorescence colocalization experiment with SYSY 111 011 (green) and 
EF14007 (red) in injected muscle of vehicle or 200 pg/kg BoNT/A1-treated animals. DAPI (nuclear counterstain) is in light gray. Scale bars: 
50 µm. (C) Representative images of c-SNAP25 corresponding to the immunohistochemical scoring system at NMJs, terminal nerve endings, 
and intramuscular nerves (Nerves) in the gastrocnemius lateralis of female Sprague-Dawley rats following a single i.m. injection of vehicle 
(GPB) or rBoNT/A1. Illustrations were taken on post-injection days 3–6 (scale bars: 10 µm)

(A)

(B)

(C)
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at least 70% inhibition of CMAP amplitude can be obtained without 
marked changes in muscle morphology at that time point. For higher 
doses, muscle weight, volume, and myofiber size were similarly af-
fected. From 5.00 pg/kg rBoNT/A1 and above, in line with muscle 
weight and volume, there was a shift in the myofibers size from large 
to small, which is consistent with atrophy of the muscle induced by 
the absence of neural transmission. In accordance with our findings, 
Na et al.22 observed a similar dose-dependent reduction in muscle 
weight and volume following a BoNT/A injection into the mouse 
gastrocnemius-soleus complex. These results were aligned with the 
in situ muscle force test data, where tibialis anterior muscle weight 
decreased significantly 3 days post-administration with 10.00 pg/kg 
of rBoNT/A1 (compared with the non-injected hindlimb), suggesting 
that muscle atrophy occurred at least from 3 days post-injection. It 
is also likely that the muscle atrophy occurred in the DAS assay in 
animals treated with high dose of rBoNT/A1. Nonetheless, muscle 
mass loss did not fully impair muscle function as animals started to 
recover to baseline within 4 days of BoNT/A1 administration.

Immunohistochemical detections of c-SNAP25 in rBoNT/A1-
treated gastrocnemius lateralis were performed to confirm the en-
zymatic activity of the novel neurotoxin. Generally, the intensity of 
c-SNAP25 staining parallels the rBoNT/A1-induced changes in other 
parameters described above. Interestingly, virtually no c-SNAP25 
staining occurred 30 days post-administration of 1.00 pg/kg rBoNT/
A1, despite up to 30% decrease in CMAP amplitude. This discrepancy 
might be linked to limitations in the resolution of c-SNAP25 detec-
tion. Nevertheless, these results are consistent with previous find-
ings showing that a low ratio of cleaved/intact SNAP25 correlated 
well with neural transmission inhibition and muscle flaccidity.16,26 
Conversely, c-SNAP25 intensity was saturated around 50 pg/kg, while 
atrophy plateaued around 100 pg/kg or higher, as illustrated by mus-
cle mass decrease. c-SNAP25 is known to form stable non-functional 
SNARE complexes, which could inhibit neurotransmitter release and 

muscle contractility, accentuating muscle atrophy.3,17 c-SNAP25 de-
tection 30 days after a single rBoNT/A1 injection at doses as low as 
5.00 pg/kg showed good sensitivity of the method to characterize 
enzymatic activity of the protein within a complex physiologic system.

Recent advances in recombinant technology enable protein engi-
neering to create modified BoNT molecules, characterized with mod-
ified biologic properties, such as increased potency, efficacy, duration 
of action, and improved tolerability. For example, modification of 
BoNT/B-binding domain results in increased affinity for the human re-
ceptor and enhanced properties in vivo.12 A BoNT/A-derived chimera 
showed reduced activity at the NMJ but retained activity at nocicep-
tive neurons.21 These examples show that recombinant technology 
is a powerful tool for the development of novel BoNTs with desired 
clinical properties. Availability of a well-characterized rBoNT/A1, 
showing comparable activities to nBoNT/A1 with the same amino acid 
sequence, strengthens confidence in our understanding of structure–
function relationships and provides an important source of reference 
material to support the development of modified recombinant BoNTs.

5  |  CONCLUSIONS

Using a range of complementary in vivo assays, we demonstrated that 
rBoNT/A1 and nBoNT/A1 injected into a skeletal muscle share simi-
lar characteristics, including potency, kinetics and tolerability profiles. 
Additionally, rBoNT/A1 caused a dose-dependent reduction in in situ 
muscle force and prolonged inhibition of CMAP amplitude, as well as a 
dose-dependent reduction in weight, volume, and myofiber atrophy of in-
jected skeletal muscle. Furthermore, rBoNT/A1 effects on muscle activity 
and morphology were accompanied by SNAP25 cleavage in the injected 
muscle. rBoNT/A1 presents a useful pharmacologic tool that can be used 
as a reference compound for the characterization of a novel, modified re-
combinant BoNTs engineered to address unmet clinical needs.
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