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Abstract

Human induced pluripotent stem cell (hiPSC)-derived neurons can be exquisitely sensitive to 

botulinum neurotoxins (BoNTs), exceeding sensitivity of the traditionally used mouse bioassay. In 

this report, four defined hiPSC-derived neuronal populations including primarily GABAergic, 

glutamatergic, dopaminergic, and motor neurons were examined for BoNT/A, B, C, D, E, and F 

sensitivity. The data indicate that sensitivity varies markedly for the BoNTs tested. Motor neurons 

are significantly more sensitive than other neuron types for all BoNTs except BoNT/D. 

Examination of SNARE protein levels and BoNT-specific cell surface protein receptors reveal few 

differences between the cell types except greater expression levels of the receptor protein SV2C 

and synapsin-IIa in motor neurons. This indicates that differential toxicity of BoNTs for motor 

neurons compared to other neuronal cell types involves multiple mechanisms.
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Introduction:

Stem cell technology, in particular human stem cells, has been transforming the fields of 

toxicology and pharmacology by providing non-cancerous human specific cell models for 

research applications and detection of biologic activity of toxins and pharmaceuticals [1–3]. 

While early studies were limited by controversies surrounding use of embryonic stem cells, 

discoveries leading to the ability to efficiently re-program adult human cells into human 

induced pluripotent stem cells (hiPSCs) [4–6] have led to an explosion in progress in this 

field. While it is still challenging to produce hiPSCs and differentiate them into the desired 

mature cell types, both hiPSCs and various differentiated hiPSC-derived mature cell types 

are now commercially available. This enables consistent applications of hiPSc-derived cells 

for many research purposes. However, this is still a young field and much research needs to 

be done to validate hiPSCs and hiPSC-derived differentiated cells as replacement of in vivo 
assays.
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Botulinum neurotoxins (BoNTs) are a family of protein neurotoxins that comprise the most 

potent toxins known to humans and are the causative agent of botulism [7]. Seven serotypes 

of BoNTs have been described, A – G [8]. BoNTs are 150 kDa dichain proteins consisting 

of a 50 kDa Light chain (LC) linked via disulfide bond to a 100 kDa Heavy chain (HC) [9]. 

The HC is functionally and structurally divided into the N-terminal translocation domain 

(HCN) and the C-terminal receptor binding domain (HCC). BoNTs exert their effect by first 

associating with the neuronal cell surface via ganglioside and specific cell surface protein 

interaction of the HCC, leading to endocytosis [10]. In the acidic environment of the 

endosome, a conformational change leads to the incorporation of the HCN domain into the 

membrane and translocation of the LC into the cell cytosol [11]. In the cell cytosol, the 

disulfide bond between LC and HC is reduced [12,13], and the LC is refolded into its 

enzymatically active conformation and specifically cleaves neuronal SNARE proteins 

[14,15]. The SNARE cleavage leads to a block in neurotransmitter release. Since BoNTs 

primarily affect peripheral motor-neurons, blockage of acetylcholine release leads to muscle 

weakening and flaccid paralysis [16–18]. The apparent preference of BoNTs for motor-

neurons has long been recognized based on clinical symptoms and symptoms in animal 

studies [7]. However, the mechanisms underlying this neuronal subtype preference is 

unknown, and may involve distribution of the BoNT inside the body, more rapid and 

enhanced cell entry into motor-neurons than into other neuronal cells, or greater activity 

inside motor-neurons. Studies using cultured neurons have indicated that BoNTs can enter 

all types of neuronal cells, cleave their intracellular SNAREs, and block neurotransmitter 

release [19]. Only a few in vivo studies have examined differential neuronal cell activities of 

BoNTs. These earlier studies indicate that fluorescently labeled BoNT/A and /B HCCs or 

radiolabeled BoNT/A or /B appeared to predominantly associate with cholinergic neurons 

after intestinal intoxication [20–23]. However, these studies did not assess differential cell 

entry and intracellular activity in different classes of neurons.

Due to their high potency and the severity of the disease botulism, BoNTs are a concern for 

human and vertebrate health, for food safety, and as potential bio-weapons. However, 

BoNTs are also widely used as important and unique bio-pharmaceuticals [24,25]. 

Holotoxin activity determination of BoNTs has traditionally been achieved using the well-

established mouse bioassay [26]. In addition to the mouse bioassay, cell-based assays 

require all steps of cellular intoxication by BoNTs and thereby measure biologic activity of 

fully functional holotoxins [19]. During the past decade, the use of cell-based assays for 

BoNTs has increased in basic research and industry applications. Human iPSC-derived 

neurons are of particular interest as they are human specific models, non-cancerous, and 

have proven to be highly sensitive [19,27,28]. Now, the availability of high-quality 

individual classes of hiPSC-derived neurons from research laboratories and commercial 

companies has provided an opportunity to evaluate the action of BoNTs on individual 

neuron classes. This study evaluated four different commercially available and quality 

certified hiPSC-derived neuronal cell types for sensitivity to BoNT/A, B, C, D, E, and F. Our 

results show that the sensitivity of the isolated neurons and potency of BoNTs varied 

markedly for the BoNTs tested. Motor Neurons were the most sensitive cell model for all 

BoNT serotypes tested except BoNT/D, greatly exceeding the sensitivity of the mouse 

bioassay by up to 160-fold, depending on the serotype.
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Materials and Methods:

Biosafety and biosecurity.

The Johnson laboratory and personnel are registered with the Federal Select Agent Program 

for research involving botulinum neurotoxins (BoNT) and BoNT-producing strains of 

clostridia. The research program, procedures, documentation, security, and facilities are 

monitored by the University of Wisconsin-Madison Biosecurity Task Force, the University 

of Wisconsin-Madison Office of Biological Safety, the University of Wisconsin Select Agent 

Program, and the Centers for Disease Control and Prevention (CDC) as part of the 

University of Wisconsin-Madison Select Agent Program. Personnel have undergone 

suitability assessments and completed rigorous and continuing biosafety training, including 

biosafety level 3 (BSL3) or BSL2 and select agent practices, before participating in 

laboratory studies involving BoNTs and neurotoxigenic C. botulinum. All animal 

experiments have been approved by the University of Wisconsin IACUC.

Botulinum neurotoxins.

BoNTs /A1, /B1, C1, D1, E3, and F1 were purified from C. botulinum strains Hall A-hyper, 
Okra B, Brazil C, 1873 (D), E 43, and Langeland F as previously described [29–31]. The 

purity of the toxins was confirmed by spectroscopy and SDS-PAGE as previously published 

[30], and toxins were sterile filtered using a 0.2 micron filter and stored in 0.01 M sodium 

phosphate buffer, pH 7 with 40% glycerol at −20°C until use. The specific activity of each 

BoNT subtype preparation was determined by the intraperitoneal mouse bioassay (MBA) 

[26,32] and was 5.6 pg/LD50 (A1), 6 pg/LD50 (B1), 160 pg/LD50 (C1), 7.1 pg/LD50 (D1) 61 

pg/LD50 (E3), and 72 pg/LD50 (F1).

Neuronal Cell Cultures.

Four different cryopreserved hiPSC-derived neuronal cell models were purchased from 

Fujifilm Cellular Dynamics. The cells included iCell GABA Neurons (previously described 

as iCell Neurons [28]), Dopa Neurons, Gluta Neurons, and Motor Neurons. The 

manufacturer describes the GABA Neurons as >95 % pure population of primarily GABA-

ergic neurons, the Dopa Neurons as fully differentiated >80 % pure midbrain dopaminergic 

neurons, the Gluta Neurons as >90 % pure population of primarily glutamatergic neurons, 

and the Motor Neurons as fully differentiated >87 % pure population of primarily (>80 %) 

cholinergic neurons after 14 days in culture. All cells were seeded and fed as recommended 

by the manufacturer using the media supplied with the cells or, in the case of Gluta Neurons, 

recommended for the cells. Cells were cultured for 14 days (14 DIV) prior to imaging and to 

the BoNT assays. For imaging, the cells were grown in a tissue culture treated and coated (as 

per manufacturer’s instructions for each cell type) 8-well ibidi µ slides for 14 days and 

stained with CellTracker Green CMFDA. Images were obtained by fluorescent microscopy 

using an EVOS Auto FL2 scope with the GFP filter.

Cell Based Assay.

For the cell based assay, the four hiPSC-derived neuronal cell models at 14 DIV were 

exposed to the indicated concentrations of BoNTs in 50 μl of each respective neuronal 
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medium in parallel. To avoid variations in toxin dilutions, BoNTs were first diluted in 

culture media of GABA Neurons to an about 20-x concentrated working stock common for 

all cell types, and then further diluted by serial dilution in the respective culture media of 

each cell type. All samples were tested in triplicate and a negative control without toxin was 

always included. After a 48 h exposure time, the toxin solution was removed, and cells were 

lysed in 50 μl of 1× lithium dodecyl sulfate (LDS) sample buffer (Life Technologies). The 

cell lysates were analyzed by Western blot for SNAP-25 or VAMP2/VAMP1 cleavage as 

previously described [28,33,34]. Cleaved and uncleaved SNAP-25 bands were quantified by 

densitometry using a Foto/Analyst FX system and TotalLab Quant software (Fotodyne). For 

detection of VAMP cleavage, relative levels of VAMP compared to syntaxin (loading 

control) were analyzed, as the VAMP cleavage products are rapidly degraded in cells. Data 

plots and EC50 values or estimates were generated in GraphPad PRISM 6 software using a 

non-linear four parameter curve fit. For the ganglioside pre-treatment assay, cells were 

exposed for 24 h to their respective culture media containing 100 µg/ml ganglioside GT1b 

(Sigma) and 75 µg/ml ganglioside GM1 (SIGMA). The toxin exposure assay was then 

conducted as described above, in parallel in ganglioside pre-treated and not pre-treated cells.

Receptor and SNARE expression analysis.

For the receptor expression analysis, cell lysates from each cell type not exposed to BoNT 

were used. All samples were analyzed in triplicate. Cell lysates were analyzed by Western 

blot for the expression of SV2A, B, and C isoforms, synaptotagmin I and II, SNAP-25, 

VAMP1, 2, and 3 isoforms, and syntaxin I using monoclonal antibodies from Synaptic 

Systems, Göttingen, Germany (SV2A, SV2B, SNAP-25, synaptotagmin I, synaptotagmin II, 

syntaxin,VAMP2) or Abcam, US (VAMP1, VAMP3, beta actin). Beta-actin was used as a 

loading control. The SV2C antibody [35] was generously provided by Roger Janz through 

Synaptic Systems. Western blots were imaged using the PhosphaGlo chemiluminescent 

substrate (KPL) and a Foto/Analyst FX system. Bands were quantified relative to the loading 

control (beta actin) by densitometry using TotalLab Quant software. For comparative 

quantification of expression of each protein in the four cell types, the expression levels of 

each protein in Motor Neurons was set to 100 %, with the exception of SV2A and B, which 

was expressed at only barely detectable levels in Motor Neurons and thus was adjusted to 

100 % expression in GABA Neurons. Average values and standard deviations were 

determined and bar graphs generated using Microsoft excel.

Results:

HiPSC-derived neuronal cell classes vary in their sensitivity to BoNTs.

The four hiPSC- derived neuronal cell models, GABA Neuron, Dopa Neurons, Gluta 

Neurons, and Motor Neurons, had markedly different morphologies after 14 days in vitro 

(DIV) (Figure 1). In particular, it was apparent that the Motor Neurons displayed longer and 

more networked neurites than the other cell types and required very gentle media changes to 

maintain and expose the Motor Neurons to BoNTs without disturbing the extensive neurite 

network or detaching the cells.
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Exposure of the four cell models to serial dilutions of BoNT/A, /B, /C, /D, /E, or /F resulted 

in varying patterns of SNARE cleavage (Figure 2). EC50 values for each BoNT in each cell 

type were either determined from the dose response curve or estimated based on projected 

dose response curves of densitometry data of the shown Western blots (Table 1). For all 

BoNTs tested except for BoNT/D1, motor-neurons were the most sensitive cell model, with 

estimated EC50 values of 0.006 mouse LD50 U/ well (U/well) for BoNT/A and BoNT/F, 

0.008 U/well for BoNT/C, 0.02 U/well for BoNT/E, and 0.1 U/well for BoNT/B. The 

second most sensitive cell model was GABA Neurons, with estimated EC50 values of 0.2 U 

for BoNT/A, 0.4 U / well for BoNT/C, 0.9 U/well for BoNT/E, and 1.8 and 1.7 U/well for 

BoNT/B and/F, respectively. Sensitivity of Dopa Neurons and Gluta Neurons was lower for 

all tested BoNT types and also markedly varied between the toxins. Sensitivity of Dopa 

Neurons was ~3–4 U/well for BoNT/A, /C, /E, and /F, whereas it was ~210 U / well for 

BoNT/B. In contrast, sensitivity of Gluta Neurons was ~ 4 U/well for BoNT/C, ~7 U/well 

for BoNT/A and /B, and 14 and 32 U/well for BoNT/F and /E, respectively.

BoNT/D was different from all other BoNT serotypes in that it had a markedly lower 

potency in Motor Neurons, with an EC50 of ~ 15 U / well. Thus, BoNT/D was almost 200-

fold less potent than BoNT/B and ~2,500 fold less potent than BoNT/A and /F in human 

Motor Neurons. In addition, while all other BoNTs were most potent in Motor Neurons, 

BoNT/D was least potent in Motor Neurons, with EC50s in the GABA, Dopa, and Gluta 

Neurons of about 1–3 U /well. Finally, unlike all other BoNTs, BoNT/D was most potent in 

Gluta Neurons compared to the other neuron classes, with an EC50 of ~ 1 U compared to 

~15 U in Motor Neurons and ~ 2 U in GABA and Dopa Neurons.

Expression levels of SNARE proteins and BoNT protein receptors vary amongst the cell 
models.

In an effort to discern whether SNARE protein expression levels or protein receptor 

expression levels might be a determining factor in sensitivity of the four cell models, 

Western blot analysis was used to compare protein levels involved in BoNT toxicity (Figure 

3). All cell types expressed a full set of SNARE proteins with only relatively mild variations 

in levels of SNAP-25, syntaxin, and VAMP2. However, VAMP1 was expressed 

predominantly in Motor Neurons, with no detectable levels in GABA Neurons and barely 

detectable levels in Dopa and Gluta Neurons. VAMP3 was detected at very low levels only 

in all cell types. Synaptotagmin 1 and 2 are the protein receptor for BoNT/B [36–39], 

whereas SV2 A, B, and C are the protein receptors for BoNT/A, E, and F [10,40–48]. While 

synaptotagmin 1 was detected at high levels in all four cell types with only minor differences 

in expression levels, synaptotagmin 2 was detected primarily in Gluta Neurons and Motor 

Neurons at similar levels and at just detectable levels in GABA and Dopa Neurons. SV2A 

was detected at similar levels in GABA, Dopa, and Gluta Neurons, and at about 10-fold 

lower levels in Motor Neurons. SV2B bands were observed just at the detection level by 

Western blot in all four cell types, while SV2C was expressed at much higher levels in 

Motor Neurons than in the other cell types. Since the relative patterns of expression levels of 

protein receptors and SNARE proteins alone cannot explain the differences in BoNT 

sensitivity of the four cell models analyzed in this study, synapsin I a/b and synapsin II a and 

b levels were also analyzed as a marker of active synaptic vesicles. Synapsin I a and b were 
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expressed at similar levels in all cell types; however, a markedly stronger band of synapsin 

IIa was detected in Motor Neurons, whereas the synapsin IIb was increased in GABA and 

Dopa Neurons.

In order to determine whether ganglioside expression levels may be involved in differential 

BoNT sensitivity of the various neuronal cell types, cells were either pre-treated or not pre-

treated with 100 µg / ml GT1b and 75 µg / ml GM1 for 24 h prior to BoNT/A1 exposure. 

Polylialylated gangliosides like GT1b have previously beedn shown to be the preferred 

ganglioside receptor for BoNT/A1 [10,49,50]. While the ganglioside treatment did not affect 

the morphology of Motor Neurons and Gluta Neurons, the Dopa Neurons and GABA 

Neurons showed signs of cytotoxicity with cell rounding and partial detachment. BoNT/A1 

sensitivity was similar or slightly decreased in all ganglioside pre-treated cells (data not 

shown), indicating that ganglioside pre-treatment does not increase BoNT sensitivity in any 

of the tested hiPSC-derived neuronal cell types.

BoNT/D cleaves VAMP2 but not VAMP1 in the hiPSC-derived Motor Neurons.

For the BoNTs cleaving VAMP (B, D, and F), both VAMP2 and VAMP1 cleavage were 

analyzed in the hiPSC-derived Motor Neurons, which was the only cell model that expressed 

both isoforms at levels detectable by Western blot. While VAMP1 cleavage was similar to 

VAMP2 cleavage for BoNT/B and BoNT/F (data not shown), BoNT/D cleaved VAMP2 but 

not VAMP1 (Fig. 4). Only a small decrease in the VAMP1 band was observed at the highest 

toxin concentration (13,000 U / well, 1.2 nM), while VAMP2 was cleaved with an EC50 of 

~15 U (13 pM) (Fig. 4). Thus, intracellular BoNT/D LC cleaves human VAMP1 over 1,000-

fold less efficiently than human VAMP2.

Discussion:

Botulism is characterized by descending flaccid paralysis, which results from a block in 

acetylcholine release at the neuromuscular junction of peripheral motor-neurons. This 

inhibition of neurotransmitter release is due to BoNTs gaining access into the cell cytosol of 

motor- neurons and the LC intracellular enzymatic cleavage of SNARE proteins that are 

essential in neurotransmitter release. Based on the symptoms of botulism and after local 

injection of BoNTs in the clinic, motor-neurons specific cell entry has mainly been assumed. 

However, it has been recognized that BoNTs can enter all neuron types including brain 

neurons, sensory neurons, nociceptors, pain fibers, and inhibitory neurons [19,23,51–54]. 

This recognition of diversity in BoNT on nerves has led to increased pharmacologic use of 

BoNTs, including somato-sensory disorders and pain [17,24,25,55].

BoNTs comprise a large family of protein toxins, with seven neurotoxic serotypes and 

several subtypes as well as chimeric toxins [8]. While all BoNTs cause botulism, variation in 

potency, clinical presentation, duration of action, species specificity, and cell entry properties 

vary for different BoNT serotypes [7,17,31,56–64]. These variations could be due to 

differences in LC activity, specific cell association, or entry of the LC into the cell’s cytosol 

and intracellular trafficking. Relatively little research has been done on differential neuronal 

cell entry. Fluorescently labeled BoNT/A and /B HCCs or radiolabeled BoNT/A or /B 

holotoxins have been shown to predominantly associate with cholinergic neurons [20–22] 
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after in vivo intoxication of mice or in vitro in vertebrate tissues [23,52]. Cell based assays 

have shown wide variability in sensitivity of various cell models, with primary neuronal cell 

models and stem cell-derived neurons being the most sensitive [19].

This study for the first time compared sensitivities of defined hiPSC-derived neuronal cell 

populations to BoNTs. The results from these studies showed significantly greater sensitivity 

of Motor Neurons for all BoNTs tested except for BoNT/D (Figure 2, Table 1), which is 

consistent with in vivo and in vitro cell association studies for BoNT/A and /B [23,52] [20–

22]. Interestingly, there were differences in Motor Neurons potency between the BoNT 

serotypes tested, with BoNT/A1 and BoNT/F1 being the most potent, followed by 

BoNT/C1, BoNT/E3, and with BoNT/B1 and BoNT/D being the least potent (Figure 2, 

Table 1). The relatively lower potency of BoNT/B1 is consistent with previous observations 

of lower sensitivity of humans to BoNT/B1 due to lower affinity binding to the human 

synaptotagmin II receptor [36,37]. While the motor-neurons tested here express both 

synaptotagmin I and II at high levels, synaptotagmin I is also not a high affinity receptor for 

BoNT/B1 [39]. BoNT/A, /D, /E, and /F all use SV2 isoforms (A, B, C) as their neuronal cell 

surface protein receptors [10], with data indicating that SV2C is the highest affinity receptor 

for BoNT/A [40–43,47,48,65], SV2A and SV2B for BoNT/E [46], while the preferred 

isoforms for BoNT/F and BoNT/D are unknown [45,66,67]. The motor-neurons tested in 

this study expressed predominantly the SV2C isoform, whereas little SV2C was detected in 

the other cell models, which appeared to predominantly express SV2A (Figure 3). The 

greater expression levels of SV2C in motor-neurons is consistent with previous reports of 

SV2C expression being restricted to evolutionary older brain regions and motor-neurons 

[35], and might account for the greater sensitivity of BoNT/A and /F in this cell model. 

However, the greater sensitivity of BoNT/E in these cells is not consistent with previous data 

suggesting that the SV2A and B isoforms are the predominant protein receptors for BoNT/E 

[46]. The data presented here raise the possibility that SV2C may be able to substitute as a 

receptor for BoNT/E. Studies on the binding of BoNT/A and /E HCC fragments indicates 

parallel binding and cell entry mechanisms into motor-neurons [68].

Our finding that the inhibitory GABA-ergic enriched neuron population was more sensitive 

than the excitatory glutamatergic enriched population to all BoNTs except BoNT/D differs 

from earlier findings that indicate that BoNT/A and /E inhibit release from excitatory 

neurons more efficiently than from GABAergic neurons [69–73]. These observations may be 

due to low levels or absence of SNAP-25 expression as well as to (SNAP-25 dependent) 

higher evoked calcium transients in mature GABAergic neurons [71,72,74,75]. Other studies 

have indicated inhibition of release from GABAergic neurons in the central nervous system 

after direct delivery of BoNT/A [73], and preferential cell entry and silencing of GABAergic 

neurons in a mixed human stem cell-derived population containing both GABAergic and 

glutamatergic neurons [76]. The latter observation may be due to the high SNAP-25 

expression levels in the hiPSC-derived GABAergic neurons used in this and our study. Taken 

together these data indicate that BoNTs can efficiently enter GABAergic inhibitory neurons 

and that factors other than protein receptor levels affect BoNT sensitivity and inhibition of 

release in various neuronal cell types. In our study, SNARE protein expression levels were 

similar in all cell models, with the exception of VAMP1, which was expressed primarily in 

Motor Neurons and was either not detectable (GABA Neurons) or at the detection limit 
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(Dopa and Gluta Neurons) in the other cell models (Figure 3). Synapsin Ia/b was about 

equally expressed in all four cell types, indicating the general presence of synaptic vesicles. 

However, the markedly higher levels of synapsin IIa in motor-neurons, which is the only 

synapsin isoform shown to rescue depression in synaptic vesicle reserve pools and reported 

to be responsible for controlling the size of the synaptic vesicle reserve pool [77], may 

suggest a denser synaptic vesicle pool in motor-neurons. Other factors that affect BoNT 

sensitivity might include different ganglioside expression profiles, differential glycosylation 

of cell surface proteins, cell maturity and differentiation, purity of the cell population, 

synaptic activity, overall cell health, and other factors. Pre-exposure of the four neuronal cell 

types tested in this study to poly-sialogangliosides GT1b and GM1 for 24 h prior to the 

BoNT/A1 assay resulted in similar sensitivity, indicating that neuronal cell surface 

ganglioside levels are not a critical factor in BoNT sensitivity in these cell models. However, 

while Motor Neurons and Gluta Neurons appeared unaffected by ganglioside exposure, the 

significant morphological changes of Dopa Neurons and GABA Neurons upon ganglioside 

exposure indicate cytotoxicity as previously reported for dopaminergic neurons [78,79], 

which could also affect toxin uptake. Thus, a role of gangliosides in the differential neuronal 

susceptibility to the various BoNTs cannot be entirely excluded.

An important observation is the differential sensitivities of the four neuronal cell populations 

for the six BoNT types examined (Figure 2, Table 1). For example, while BoNT/A1 potency 

in Motor Neurons was ~ 30-fold greater than in GABA Neurons, ~550-fold greater than in 

Dopa Neurons, and ~1200-fold greater than in Gluta Neurons, potency of BoNT/B1 in 

Motor Neurons was ~20 fold greater than in GABA Neurons, yet ~2000-fold greater than in 

Dopa Neurons, and ~ 70-fold greater than in Gluta Neurons. Relative potencies of BoNT/C 

and BoNT/E in the four neuronal cultures were fairly similar to BoNT/A. Strikingly, 

BoNT/F1 potency in Motor Neurons was over 280-fold greater than in the other three cell 

populations. BoNT/D potency in Motor Neurons was lower than in any of the other neuronal 

cultures and ~2400-fold lower than potency of BoNT/A1, C1, and /F1. Instead, BoNT/D was 

more potent than the other BoNT serotypes in Gluta Neurons. Together, these data indicate 

that in addition to cell-specific factors, BoNT specific properties guide the sensitivity of each 

cell model. This is not surprising considering the structural differences between the BoNT 

serotypes and further emphasizes serotype specific functional properties of BoNTs that with 

further research have the potential to lead to novel pharmaceuticals with specific defined 

properties. Such differences between the many subtypes of BoNTs remain to be elucidated.

BoNT/D has previously been found to cleave human VAMP1 inefficiently, while strongly 

cleaving human VAMP2 [80–83] and to be poorly effective in humans in inducing muscle 

paralysis [60]. In this study we confirmed the lower efficiency of VAMP1 cleavage 

compared to VAMP2 cleavage for the first time within the same neuronal cell model 

expressing both VAMP1 and VAMP2 (Figure 4). In addition, the less efficient intracellular 

VAMP2 cleavage also indicates lower cell entry into human neurons compared to other 

BoNTs, particularly into motor-neurons, which is consistent with a previous report [31]. 

However, in this report we also found greater potency of BoNT/D in a culture of primarily 

human glutamatergic neurons compared to other BoNTs. Together these data suggest a 

unique cell entry pathway by BoNT/D into human neurons.
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In summary, the presented data show neuronal cell type-specific and BoNT serotype-specific 

properties affect sensitivity of the four cell models. The study provides a useful model for 

determination of the mechanisms affecting BoNT sensitivity for different classes of neurons. 

The hiPSC-derived Motor Neuron cell model analyzed in this study was by far the most 

sensitive cell model for all BoNTs examined except BoNT/D; however, the specific 

mechanisms of the increased sensitivity remains to be shown. These data highlight the 

importance of considering both the cell source and characteristics and the BoNT type 

analyzed in cell based studies, and demonstrates the research potential of hiPSC-derived 

neuronal cell models. Further mechanistic studies determining rate-limiting factors driving 

sensitivity of BoNTs in defined neuronal cell models, combined with in vivo studies that 

consider pharmacodynamics, have the potential to dramatically increase our understanding 

of the biologic properties of the various BoNTs, recombinant derivatives, and novel BoNTs, 

including mechanisms of botulism and a wider diversity of medical applications.
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SNARE proteins Soluble N-ethylmaleimide-sensitive factor attachment 
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SV2 synaptic vesicle protein

SNAP-25 synaptosomal nerve-associated protein 25

VAMP vesicle associated membrane proteins
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Figure 1. 
Human induced pluripotent stem cell (hiPSC)-derived neuronal cell models used in this 

study at day 14 in culture. Cells were stained with CellTracker Green CMFDA, and images 

were obained by fluorescent microscopy using an EVOS Aufto FL2 scope with the GFP 

filter. The size-bar is 75 µm.
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Figure 2. 
SNARE cleavage Western blots showing cell type and BoNT type specificity. Neuronal cell 

populations were grown for 14 days, and exposed to BoNT/A, /B, /E, or /F for 48 h in 

parallel. Cell lysates were analyzed for SNARE cleavage by Western blot using an anti 

SNAP-25 antibody that recognizes both BoNT/A or /E cleaved and uncleaved SNAP-25 and 

an anti-VAMP2 antibody which shows only intact uncleaved VAMP2, with syntaxin used as 

a loading control. All samples were tested in triplicate and one representative Western blot 

of each is shown. The type of neurons is indicated by name supplied by the manufacturer 

(Fujifilm CDI).
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Figure 3. 
SNARE protein and BoNT protein receptor protein levels in the four hiPSC-derived cell 

models. Neuronal cell populations were grown for 14 days, and cell lysates analyzed for the 

indicated proteins by Western blot. Beta-actin was used as a loading control. The left panel 

shows a representative blot of triplicate samples. The graph shows a relative depiction of 

average and standard deviations of the triplicate samples comparing expression levels of 

each protein between the four cell populations. Protein bands were quantified by 

densitometry relative to the beta-actin loading control. Protein levels were then set to 100 % 

for motor-neurons, except for SV2A and B, which were detected only at very low levels in 

motor-neurons and were adjusted to 100 % in GABA Neurons.
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Figure 4. 
Western blots showing VAMP1 and VAMP2 cleavage by BoNT/D in human Motor Neurons. 

Motor Neurons were grown for 14 days, and exposed to BoNT/D for 48 h. The same cell 

lysates were analyzed for VAMP1 and VAMP2 cleavage by Western blot. Syntaxin was used 

as a loading standard. All samples were tested in triplicate and one representative Western 

blot of each is shown.
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Table 1 :

Estimated EC50 values

EC50 [U/well] BoNT/A1 BoNT/B1 BoNT/C1 BoNT/D1 BoNT/E3 BoNT/F1

GABA Neurons 0.2 1.8 0.4 2.2 0.9 1.7

Dopa Neurons 4.6 209 4.3 2.0 3.6 3.6

Gluta Neurons 9.6 7.2 3.9 1.0 32 14.2

Motor-neurons 0.006 0.1 0.008 17.3 0.02 0.006
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