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Abstract

Botulinum Neurotoxin type D (BoNT/D) causes periodic outbreaks of botulism in cattle and 

horses, but is rarely associated with human botulism. Previous studies have shown that humans 

responded poorly to peripheral injection of up to 10 U of BoNT/D. Isolated human pyramidalis 

muscle preparations were resistant to BoNT/D, whereas isolated human intercostal muscle 

preparations responded to BoNT/D similarly as to other BoNT serotypes. In vitro data indicate 

that BoNT/D does not cleave human VAMP1 efficiently, and differential expression of the VAMP 

1 and 2 isoforms may be responsible for the above observations. Here we examined sensitivity of 

cultured human neurons derived from human induced pluripotent stem cells to BoNT/D. Our data 

indicate that BoNT/D can enter and cleave VAMP 2 in human neurons, but at significantly lower 

efficiency than other BoNT serotypes. In addition, BoNT/D had a short duration of action in the 

cultured neurons, similar to that of BoNT/E. In vivo analyses indicated a slower time to death in 

mice, as well as a later onset and shorter duration of action than BoNT/A1. Finally, examination of 

BoNT/D activity in various rodent and human cell models resulted in dramatic differences in 

sensitivity, indicating a unique cell entry mechanism of BoNT/D.

1. Introduction

Botulinum Neurotoxin type D (BoNT/D) has been mainly associated with botulism in cattle 

and horses, at times leading to large outbreaks in cattle herds with a mortality rate above 80 

% and large associated economic losses (1). Botulism in cattle caused by BoNT/D has been 

reported mostly in South Africa, Europe and Canada, but also in USA and Israel (1). Studies 

investigating the epidemiology of BoNT/D-producing Group III C. botulinum in the 

environment (1-3) showed periodic isolation from cattle feeds, animal remains and cows' 

gastrointestinal contents. This indicates potentially widespread presence of BoNT/D 

producing C. botulinum in the environment, as is the case with other C. botulinum strains, 

and thus potential exposure of humans to this toxin. However, BoNT/D very rarely causes 

human botulism. In fact, there is only one published report of BoNT/D identified in 

naturally occurring human botulism (4). This report described a mild botulism outbreak in 
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Moundou (Tchad) in January 1958 involving 8 people who ate raw ham. Two of them ate 

very little and had no symptoms, four had very mild early botulism symptoms accompanied 

by extensive diarrhea and vomiting, and recovered completely the following day. One 

person had these symptoms for 10 days but required no specialized treatment, and one 

person had symptoms for 1 month with recovery beginning at 2 ½ weeks after the ham 

consumption. Treatment of this last patient with anti-BoNT/A and /B antitoxin did not affect 

the symptoms, and analysis of extracts from the contaminated ham as well as cultures grown 

from the ham showed that only anti-BoNT/D serum and not anti-A, B, C, or E sera protected 

mice against botulism symptoms, confirming that the outbreak was caused by BoNT/D (4). 

A subsequent study isolated C. botulinum strain 1873, which produces BoNT/D, from the 

contaminated ham (5).

Botulinum neurotoxins have been classified into seven immunologically distinct serotypes 

(A-G) (6). BoNTs are the causative agent of human and animal botulism, which is 

characterized by flaccid paralysis that may last for several weeks or months and up to a year, 

depending on the serotype and dose (9). The toxins exert their pathology by selectively 

entering neuronal cells and cleaving soluble N-ethylmaleimide-sensitive-factor attachment 

protein receptor (SNARE) proteins (10-12), which are VAMP1 and VAMP2 in the case of 

BoNT/D (12). Due to the high potency of botulinum neurotoxins combined with the lack of 

efficacious countermeasures, particularly after entry into neuronal cells, BoNTs are 

considered a potential bioterrorism threat (13, 14). On the other hand, BoNT serotype A 

(and to a lesser extent B), are being used as powerful pharmaceuticals to treat a variety of 

disorders (15). Since BoNT/A, B, E, and F cause almost all naturally occurring human 

botulism cases, countermeasure efforts as well as novel pharmaceuticals usually focus on 

these four serotypes. However, it is unknown whether humans would be susceptible to a 

bioterrorist attack using BoNT/D or derivatives thereof, and whether BoNT/D may present 

an alternative potential biopharmaceutical.

Scientific evidence on the susceptibility of humans to BoNT/D is unclear. A recent in vitro 

study showed that the BoNT/D light chain (LC) efficiently cleaved neuronal human VAMP 

2 but inefficiently cleaved the other neuronal human VAMP isoform, VAMP 1 (16). 

Inefficient and slow proteolysis of rat VAMP1 by BoNT/D has also been reported (17, 18). 

This may be the reason underlying the recent observation in an experimental 

electrophysiology study in humans that up to 10 mouse LD50 Units of BoNT/D was poorly 

effective in inducing local paralysis in humans after injection into the extensor digitalis 

brevis muscle (19). In addition, a study using isolated human pyramidalis muscle indicated 

that the neuromuscular junction in this human muscle preparation was resistant to BoNT/D 

(20). However, in another study, human intercostal muscle was found to be similarly 

sensitive to BoNT/D as to BoNT/A, B, and E (21). The human botulism outbreak attributed 

to BoNT/D also indicates that humans can be susceptible to intoxication by BoNT/D (4), 

although the symptoms appear to be much milder than in botulism caused by BoNT/A or/B.

In this study we examined the activity of BoNT/D in human neurons and analyzed the onset 

and duration of action in mice. Our data indicate that BoNT/D can enter and cleave VAMP 2 

in human neurons, but at significantly lower efficiency than BoNT/A1, and that it has a short 

duration of action similar to that of BoNT/E. In addition, dramatically differential sensitivity 
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of various neuronal cell populations and a slow time to death in mice indicate potentially 

distinct pharmacological properties of this toxin compared to BoNT/A1.

2. Materials and Methods

All the work described in this manuscript was approved by the University of Wisconsin-

Madison Institutional Biosafety Committee. All animal experiments were approved by and 

conducted according to guidelines by the University of Wisconsin Animal Care and Use 

Committee.

2.1 Botulinum Neurotoxins

BoNT/A1 was isolated from C. botulinum strain Hall A hyper as previously described (22). 

The specific activity in mice was determined to be 1.25 × 108 mouse LD50 Units (U) / mg. 

BoNT/D toxin was isolated from C. botulinum strain D 1873 using a method similar to that 

used in BoNT/A purification with the following modifications. The ammonium sulfate 

precipitated material from DEAE chromatography at pH 5.5 was collected by centrifugation 

and resuspended in 20 mM NaOAc buffer pH 6.0. The sample was applied to a p-

aminobenzyl 1-thio-β-D-galactopyranoside agarose affinity column (pABTG agarose) that 

tightly binds the hemagglutinin of the toxin complex (23). The toxin was eluted from the 

column by addition of 20 mM Tris buffer pH 8.0 containing 0.15 M NaCl. Specific activity 

in mice was determined to be 1.15 × 108 mouse LD50 Units / mg. BoNT/B1 was isolated 

from C. botulinum strain as previously described (24), and the specific activity in mice was 

determined to be 3.13 × 108 mouse LD50 Units (U) / mg.

2.2 Neuronal cell models

Several neuronal cell models were used in this study. The iCell Neurons and media were 

purchased from Cellular Dynamics Inc. (Madison, W1) and seeded and maintained 

according to company instructions. HIP Neurons and media were provided by Globalstem 

(Gaithersburg, MD) and were prepared as previously described (25). Primary rat (strain 

Sprague Dawley) and mouse (strain C57/BL6 or ICR, as indicated) spinal cord cells, 

hippocampal cells, or cortical cells were all prepared as described previously (26, 27) and 

seeded into 0.01% poly-L-ornithine (SIGMA) and 8.3 μg/cm2 matrigel (BD Biosciences) 

coated 96-well Techno Plastic Products (TPP) plates at a density of 50,000 cells/well. The 

cells were allowed to mature for at least 18 days before use unless otherwise noted. The 

primary cells were seeded and maintained in serum free culture medium (Neurobasal® 

medium supplemented with 2% B27, 2 mM glutamax, and 100 units/mL penicillin/

streptomycin (all from Invitrogen)).

2.3 Cell-based assays

The cells were exposed to serial dilutions of BoNT/D in 50 μL of the respective media for 

48 h. The extracellular solution containing BoNT/D was removed, cells were lysed in 1X 

lithium dodecyl sulfate (LDS) sample buffer (Invitrogen) and analyzed by Western 

immunoblot for VAMP2 cleavage as previously described using a monoclonal anti-VAMP2 

antibody from Synaptic Systems (Göttingen, Germany) (27, 28). VAMP2 and syntaxin 

bands were quantified by densitometry using a Foto/Analyst FX system and TotalLab Quant 
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software (Fotodyne). Data plots and EC50 values (four parameters – variable slope) were 

generated using PRISM 6 software, and statistical significance was determined by PRISM 6 

software using an Extra-sum-of-squares F-test with an α-value of 0.05.

For the duration of action assay, iCell Neurons were exposed to 800 mouse LD50 Units (U) 

of BoNT/D in 50 μL of modified culture media containing 56 mM KCl and 2.2 mM CaCl2 

(cell stimulation media) for 10 min., followed by complete removal of the toxin, washing of 

the cells two times with 300 μL of culture media, and further incubation of the cells in 

culture media at 37°C in a CO2 incubator. Four replicate samples were harvested every 2-3 

days, and analyzed for VAMP2 cleavage as above.

To determine onset of action in human neurons, iCell Neurons were exposed to 10,000 U of 

BoNT/D in 50 μL of either culture media or cell stimulation media for 0-8 h, and triplicate 

samples were harvested every hour for analysis of VAMP2 cleavage. To further analyze 

activity dependent uptake, iCell Neurons were exposed to serial dilutions of BoNT/D in 50 

μL of either cell stimulation media or culture media for 10 min., followed by complete 

removal of the toxin, washing of the cells two times with 300 μL of culture media, and 

further incubation of the cells in culture media at 37°C in a CO2 incubator for 16 h.

2.4 In vivo analysis of BoNT/D activities in mice

Groups of 5 female ICR mice (weight between 18-22 g) were injected intraperitoneally with 

100 or 1,000 U of BoNT/D, BoNT/B1 or BoNT/A1 in 0.5 ml of GelPhos buffer (30 mM 

sodium phosphate [pH 6.3] and 0.2% gelatin). Mice were observed for typical botulism 

symptoms including ruffled fur, wasped waist, paralysis, difficulty breathing, and spasticity 

just before death, and the time of death was noted. The statistical significance of the time to 

death was evaluated using a paired, two-tailed t-test in Excel.

To determine motor-neuron deficiency after local injection, groups of 5 female ICR mice 

were injected into the gastrocnemius muscle with 1.5, 2, or 2.5 U of BoNT/D or 0.25, 0.5, or 

0.75 U of BoNT/A1 in 10 μl of GelPhos buffer using an insulin syringe. Motorneuron 

deficiency was evaluated by Rotarod analysis using an accelerating cycle (4-40 rpm over 5 

min). Mice were analyzed on a daily basis until able to complete the full 5 minute cycle.

3. Results

3.1 BoNT/D is moderately active in human neurons

In order to determine whether BoNT/D was able to enter human neurons and be catalytically 

active inside the neuronal cell cytosol, two different human neuronal cell models were 

exposed to serial dilutions of BoNT/D. Both are neuronal populations derived from human 

induced pluripotent stem cells. One (iCell Neurons) was purchased as already differentiated 

cells and consists of a mixture of predominantly glutamatergic and GABAergic neurons, 

whereas the other (HIP Neurons) was a population of neurons differentiated from a neural 

stem cell line and consisted of a mixture of predominantly cholinergic, GABAergic and 

glutamatergic neurons (25). Both human neuronal cell models were approximately equally 

sensitive to BoNT/D, with EC50 values of about 50 U (Figure 1). Compared to BoNT/A1, 

this is more than 150 times lower sensitivity in iCell Neurons and about 25 times reduced 

Pellett et al. Page 4

Toxicon. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sensitivity in HIP Neurons (28). Cleavage of VAMP-1 could not be evaluated due to low 

expression in these cells, but has been examined in detail in another recent study (29).

3.2 BoNT/D has a similar specific activity in mice as BoNT/A1, but causes slower death

In order to determine whether high levels of BoNT/D toxin cause similar symptoms in mice 

as BoNT/A1 and BoNT/B1, mice were injected intraperitoneally with 100 U or 1,000 U of 

BoNT/D or BoNT/A1, or BoNT/B1. All groups of mice exhibited the typical botulism 

symptoms of ruffled fur, wasped waist, increasing paralysis, labored breathing, and 

spasticity just prior to death. However, symptoms in the mice injected with BoNT/D 

appeared milder except for the spasticity prior to death, which was at least as pronounced as 

in the mice injected with BoNT/A1. There was a significant delay in time to death in mice 

injected with BoNT/D and BoNT/B1 versus mice injected with BoNT/A1. The mice injected 

with 1,000 U and 100 U BoNT/A1 died on average within 146 min and 220 min, 

respectively, whereas the mice injected with BoNT/D or BoNT/B1 survived for 193 (D) and 

209 (B1) min, and 304 (D) and 301 (B1) min, respectively (Table 1). This delay in death 

also was observed in the specific titer determination, in that the mice injected with BoNT/D 

died on days 2 and 3 post injection, whereas the mice injected with BoNT/A1 died within 

the first two days. These data indicate potential distinct pharmacological properties of 

BoNT/D compared to BoNT/A1 in the ICR mouse strain and greater similarity with 

BoNT/B1, which also cleaves VAMP1 and 2 and causes milder botulism than BoNT/A1. A 

recent study has identified a VAMP1 polymorphism (M/148) in the BoNT/D cleavage site in 

the commonly used Sprague Dawley rat strain, which affects BoNT/D sensitivity (29). Even 

though no such polymorphism is known for ICR mice or suggested by the data, such or 

similar variation cannot be entirely excluded in the outbred ICR mouse strain at this point.

3.3 BoNT/D has a slower onset of action and faster recovery than BoNT/A1

In order to determine duration of action of BoNT/D in human neurons, the iCell Neurons 

were exposed to 800 U (∼ 1 nM) of BoNT/D for 10 min in cell stimulation media (culture 

media modified to contain 56 mM KCl and 2.2 mM CaCl2), followed by toxin removal, 

washing of the cells, and further incubation of the neurons in culture media. Analysis of cell 

lysates by Western blot showed that VAMP2 cleavage reached a maximum at 2 days post 

toxin exposure, and recovery of VAMP2 started at 1 week post exposure and proceeded 

steadily until VAMP2 was completely restored at about 3 weeks post toxin exposure (Figure 

2a). This indicates a relatively short duration of action of this toxin in human neurons 

similar to that of BoNT/E.

Onset and duration of action of BoNT/D was also assessed in vivo by measuring 

motoneuron deficiency as determined by Rotarod analysis after local injection of BoNT/D 

into the gastrocnemius muscle of mice. Significantly greater amounts of BoNT/D were 

required as compared to BoNT/A1 to achieve a similar level of motor neuron deficiency as 

evidenced by an inability of the mice to remain on an accelerating Rotarod (Figure 2 b). 

While 0.75 U of BoNT/A1 resulted in an about 90 % reduction in time mice could remain 

on the Rotarod, 2 U of BoNT/D were required to see the same effect. In addition, recovery 

was faster for all mice injected with BoNT/D. At 10 days post- injection, all mice injected 

with BoNT/D were able to remain on the Rotarod for the entire 5 min (Figure 2 b), whereas 
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mice injected with BoNT/A1 having the same severity of motor neuron deficiency required 

over 14 days for recovery (Figure 2 b). Since about 3 times more BoNT/D was required to 

observe the same motor-neuron deficiency as observed with BoNT/A1 and recovery from 

BoNT poisoning is dose-dependent, these data demonstrate a significantly faster recovery 

from BoNT/D as compared to BoNT/Al This indicates a lower efficiency of BoNT/D in 

causing motor-neuron deficiency after local injection in mice, and faster recovery. It is 

interesting to note that with BoNT/A1, there was a clear and gradual dose-dependent 

increase in motor-neuron deficiency and recovery time, whereas with BoNT/D there was 

only a difference between 1.5 and 2 U, but no difference between 2 and 2.5 U. This may be 

due to distinct pharmacologic distribution and properties of the two toxins. It should also be 

noted that the Rotarod analysis assesses overall motor neuron deficiency rather than local 

paralysis. In fact, it appeared that the time remaining on the Rotarod correlated more with 

overall well-being of the mice than with local paralysis in the injected leg.

3.4 BoNT/D enters depolarized neurons more efficiently than resting neurons

Cell entry of BoNT/D into human neurons was also investigated by exposing iCell Neurons 

to 10,000 U of BoNT/D in either culture media or cell stimulation media for 10 min, 

followed by toxin removal and cell washing, and further incubation of cells in culture media. 

Cells were harvested at 1-8 h post toxin exposure, and VAMP2 cleavage analyzed by 

Western blot. Significantly faster and more efficient VAMP2 cleavage was observed with 

cell stimulation media (Figure 3a). This was further confirmed by exposing the human 

neurons to serial dilutions of BoNT/D for 10 min in either cell stimulation media or in 

culture media, followed by toxin removal and further incubation in culture media for 16 h to 

allow for VAMP2 cleavage. Dose dependent VAMP 2 cleavage was observed in both, 

depolarized and not depolarized cells, but was about 3-4-fold more efficient in depolarized 

cells (Figure 3 b). This indicates that chemical depolarization of the neurons enhanced 

BoNT/D uptake.

3.5 BoNT/D activity in different primary rodent neuronal cultures varies

BoNT/D activity in primary rodent neuronal cell models has previously been described (19). 

In order to determine the activity of BoNT/D in primary rodent cell models relative to that in 

human cell models, primary rat (E15) and mouse (E14, from BL6 or ICR mice) spinal cord 

cells, as well as mouse cortical and hippocampal neurons were exposed to serial dilutions of 

the BoNT/D for 48 h. While no cleavage was observed in rat or mouse primary spinal cord 

cells even at concentrations as high as 16,000 U, sensitive cleavage was detected in the 

mouse cortical neurons, with an EC50 of about 7 U (Figure 4 a). However, VAMP2 

cleavage in this culture did not reach 100 % as in the human cell models. Primary mouse 

hippocampal neurons appeared similarly sensitive (data not shown). Since previous 

publications have indicated cleavage of VAMP2 in primary rodent spinal cord cells, the 

effect of the gestational age of the pups and mouse strains used to prepare primary mouse 

spinal cord cells were examined. First, primary mouse spinal cord neurons were prepared 

from E13 or E14 mouse pups of either BL6/C57 or ICR mice and exposed to serial dilutions 

of BoNT/D in parallel. The VAMP2 in cells derived from E13 pups of either mouse strain 

was cleaved by BoNT/D with EC50 values of around 2 U, whereas no cleavage was 

observed in the cells prepared from E14 pups of either strain. BoNT/D exposure of primary 
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spinal cord cells derived from E11 and E12 mouse pups (ICR) resulted in a similar cleavage 

pattern with an EC50 of about 2 U (Figure 4 b). In all cases, VAMP2 cleavage was not 

complete and some residual VAMP2 was detected even at toxin concentrations as high as 

16,000 U / well. In contrast, primary mouse spinal cord cells from E11-E14 pups were all 

sensitive to BoNT/A1, with SNAP-25 being cleaved with EC50 values of about 0.1 U as 

previously described (25). Interestingly, when the primary mouse spinal cord cells derived 

from E12 ICR mouse pups were examined for BoNT/D cleavage after remaining in culture 

for 5 weeks, VAMP2 cleavage was significantly reduced.

4. Discussion

BoNT/D is not considered to be a cause of human botulism, and this was supported by a trial 

study in humans which indicated a poor electrophysiological response to up to 10 U of 

BoNT/D injected in the EDB muscle (19) and studies that indicate that human VAMP1 is 

less sensitive to cleavage by BoNT/D than VAMP2 (16-18, 29). Another study has 

demonstrated that at high concentrations of BoNT/D, human intercostal muscle preparations 

are sensitive to BoNT/D (21). Here, we show that in vitro cultured human neurons are 

susceptible to BoNT/D, but sensitivity is about 25-100 times lower than to BoNT/A1 

(Figure 1). All of these data together suggest that humans might be susceptible to BoNT/D 

intoxication if exposed to large enough quantities, but that potency of BoNT/D in humans is 

significantly lower than for BoNT/A, B, E, or F. The single human botulism outbreak 

described for BoNT/D supports this hypothesis (4). The absence of other reports of human 

botulism caused by BoNT/D may be due to several factors including non-reporting or 

misdiagnosis of mild cases, low occurrence of intoxication, differential sensitivity of human 

motor-neurons to BoNT/D due to a VAMP-1 polymorphism (29), poor intestinal absorption, 

and possibly low occurrence of toxigenic strains producing BoNT/D in the environment, as 

well as low levels of BoNT/D production by toxigenic strains.

The results of this study indicate that the VAMP 2 in cultured human neurons completely 

recovers from BoNT/D induced cleavage within 2 weeks, with recovery beginning at 3 days 

post intoxication (Figure 2 a). This is further supported by in vivo experiments showing 

recovery of motor-neuron deficiency in mice within 10 days after local injection with 

BoNT/D in the gastrocnemius muscle, compared to 2-3 weeks required for full recovery 

after injection with BoNT/A1 (Figure 2 b). Thus, recovery from BoNT/D induced botulism 

in humans would be expected to be relatively fast. This is also supported by the only case 

report of BoNT/D induced human botulism, in which the most severe case started to recover 

after 2 ½ weeks, and the other affected individuals recovered within days (4). In addition, 

the report also described the disease as ‘subacute nonlethal botulism with no need for 

respiratory support and with the atypical symptoms of diarrhea and vomiting playing a 

larger role’, which was confirmed experimentally in guinea pigs (4). In agreement with this 

observation of distinct symptoms caused by BoNT/D, the in vivo data presented here 

indicated longer time to death after intraperitoneal injection of mice with 100 and 1,000 

Units of BoNT/D than BoNT/A1, and similar to BoNT/B1. The hallmark symptoms of 

ruffled fur, wasped abdomen, and difficulty breathing were milder, whereas spasticity just 

prior to death, as is usually observed with high doses of BoNT/A1, was pronounced.
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It is interesting to speculate why large animals such as cattle and horses can readily develop 

botulism caused by BoNT/D, whereas it is rare or absent in humans. Several reasons might 

account for that, including preferential growth of BoNT/D producing Clostridia in animal 

feed, ingestions of larger amounts of contaminated foods (and BoNT/D) by animals, 

potential colonization of animal's digestive tracts with toxin producing Clostridia, potential 

poor absorption of BoNT/D from the human gastrointestinal tract, and certainly VAMP1 

polymorphism (29), and as our data indicate, potentially variable cell entry.

Human VAMP1 differs from the VAMP1 of most other mammalian species by one amino 

acid (I48 instead of M48) (29). It has been shown that VAMP-1 is the predominant and 

almost exclusive VAMP isoform in the neuromuscular junction in rats (30). Diaphragms 

from rats containing the I48 polymorphism had an about 2-fold prolonged half-paralysis 

time in the hemidiaphragm assay if exposed to BoNT/D than diaphragms from rats 

homozygous for the M48-VAMP1 (29), and in vitro assays have shown that the human 

VAMP1 is less susceptible to cleavage by BoNT/D than the VAMP 2 isoform (17). This less 

efficient proteolysis of human VAMP1 by BoNT/D certainly contributes to variable 

neuronal susceptibility to BoNT/D and milder or sublethal symptoms of type D botulism in 

humans.

The dependence of BoNT/D cell entry into human neurons on membrane depolarization 

(Figure 3) is consistent with previous data showing that membrane depolarization enhanced 

cell entry of the BoNT/D receptor binding domain (31). This indicates that BoNT/D may 

predominantly enter active neurons in vivo, which may further contribute to differential 

pharmacological properties from other BoNTs. Further research into this topic will be of 

great interest with regards to the potential use of BoNT/D or domains of BoNT/D as unique 

and new pharmaceuticals. The results obtained using cultured primary rodent spinal cord 

and cortical cells further support that culture conditions affect neuronal susceptibility to 

BoNT/D (Figure 4). Although the mechanism underlying these observations is currently 

unknown, the data suggests a potentially unique distribution of BoNT/D to certain 

subpopulations of neurons. BoNT/D has been shown to contain dual ganglioside binding 

pockets that are essential for cell entry, and to bind to b-series gangliosides similar to TeNT 

(31 -33). Others have hypothesized that SV2 is involved as a protein receptor in BoNT/D 

cell entry (34). While gangliosides and SV2 are widely expressed on neurons, the 

composition of gangliosides and SV2 isoforms displayed on the cell membrane differs on 

different neuronal subpopulations (35-38), such that preference for certain gangliosides and 

SV2 isoforms may cause preferential cell entry (19). Further research is needed to elucidate 

the cell entry mechanism of BoNT/D and in vivo distribution. In addition, the large variation 

in BoNT/D sensitivity observed for the different cell models and within different 

laboratories highlights the importance of recognizing the limitations of cell models when 

analyzing novel toxins. While cultured neurons from various sources can provide defined 

and species specific models for research purposes that would not be possible in vivo, data 

derived from such models must be interpreted within the context of the model and further 

studies.

Recent efforts based largely on sequencing have identified a multitude of BoNT subtypes for 

most serotypes. An analysis of sequences published in the NCBI databank related to 
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BoNT/D revealed that the complete sequences of four different strains for BoNT/D have 

been deposited and have 96-100 % sequence identity to that of strain 1873. In addition, a 

myriad of chimeric toxins consisting of combinations of BoNT/D and C1 have been 

deposited, with sequence identities of around 65-85% for the entire protein, but high 

homology for the regions homologous to BoNT/D. As toxin serotypes are determined by 

neutralization with monovalent antibodies to the corresponding serotype, many of the 

chimeric toxins are described either as BoNT/D or BoNT/C1. It is feasible that the chimeric 

toxins and possibly full length BoNT/D subtypes have unique cell entry and in vivo 

intoxication characteristics that differ from those described here. It should be noted that the 

published amino acid sequences of BoNT/D from strain 1873, which was used in this study 

and was isolated from the only reported type D botulism case (5), and CB-16, which was 

used in the human injection trial(19), are 100% identical.

In summary, we show that cultured human neurons are susceptible to BoNT/D (strain 1873), 

but at a lower sensitivity than to BoNT/A1 (150-fold and 25-fold in the two tested models). 

The data suggest that humans may be susceptible to botulism caused by BoNT/D if exposed 

to sufficient quantities of toxin, although the botulism would b362 e expected to be mild and 

of relatively short duration, and possibly with distinct symptoms. Nevertheless, based on the 

presented data, BoNT/D and potential engineered derivatives should not be discounted as a 

potential human pathogen and counter-terrorism efforts should include BoNT/D. Atoxic 

BoNT/D or BoNT/A have previously been suggested as a specific neuronal drug delivery 

platform (39), and the data presented here suggest that these two proteins may display a 

preference for distinct neuronal subpopulations in vivo. In addition, further research is 

required to determine whether the unique properties of BoNT/D render this toxin a potential 

candidate as a novel bio-therapeutic either directly or as a chimera with another BoNT 

serotype.
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Refer to Web version on PubMed Central for supplementary material.
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• The sensitivity of cultured human neurons to botulinum neurotoxin D was 

examined.

• BoNT/ D enters human neurons 20-100 times less efficiently than BoNT/ A.

• BoNT/D has a relatively short duration of action in human neurons (∼3 weeks).

• BoNT/D has a slower onset and shorter duration of action in mice than BoNT/A.

• Cultured rodent neurons have varying sensitivity to BoNT/D.
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Figure 1. 
Activity of BoNT/D in human stem cell derived neurons. ICell Neurons (CDI) or HIP 

Neurons (Globalstem) were exposed to serial dilutions of BoNT/D for 48 h, and cell lysates 

were analyzed for the percentage of VAMP2 in relation to syntaxin by Western blot and 

densitometry. EC50 values were determined using PRISM 6 software. Quantitative data 

from triplicates for each cell line are shown in the graph, and an example of a Western blot 

in iCell Neurons is shown to the right.
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Figure 2. 
Onset and Duration of BoNT/D activity. A: To determine recovery of VAMP2 in hiPSC 

derived neurons after exposure to BoNT/D, iCell Neurons were exposed to 800 U of 

BoNT/D for 48 h, followed by complete removal of the toxin and further incubation of the 

exposed cells in culture media. Cells were harvested at the indicated time points, and the 

percentage of VAMP2 in relation to syntaxin was determined by Western blot and 

densitometry.

B: The onset and duration of motor-neuron deficiency after local injection into the 

gastrocnemius muscle in mice was determined by Rotarod analysis. The time the mice 

remained on an accelerating rotarod (4-40 rpm over 5 min) is shown in relation to the time 

after toxin injection.
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Figure 3. 
Activity dependence of BoNT/D uptake into hiPSC derived Neurons. A: iCell Neurons were 

exposed to 10,000 U of BoNT/D at 37°C in either culture media (CM) or cell stimulation 

media (CSM) containing 56 mM KCl and 2.2 mM CaCl2. Cells were harvested every hour 

at from 0 to 8 h, and cell lysates analyzed for VAMP2 in relation to syntaxin by Western 

blot and densitometry. B: iCell Neurons were exposed to serial dilution of BoNT/D in either 

culture media (CM) or cell stimulation media (CSM) containing 56 mM KCl and 2.2 mM 

CaCl2 for 10 min. at 37°C. All toxin was removed, cells washed, and incubated further in 

culture media. Cells were harvested after 16 h, and cell lysates analyzed for VAMP2 in 

relation to syntaxin by Western blot and densitometry. The graphs depict quantitative data 

from triplicate samples, respectively.
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Figure 4. 
Sensitivity of different neuronal cell models to BoNT/D. The different neuronal cell models 

were exposed to serial dilutions of BoNT/D for 48 h, and cell lysates were analyzed by 

Western blot and densitometry for the amount of VAMP2 in relation to syntaxin. The graphs 

show the average values and standard deviations of triplicate samples for each, and the 

Western blot images show representative immunoblot data. A: Sensitivity of hiPSC derived 

neurons (iCell Neurons), primary rat spinal cord cells (RSC cells), and mouse cortical 

neurons are shown. B: Sensitivity of primary mouse spinal cord cells (strain ICR) harvested 

from E11, E12, E13, or E14 pups are shown.
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Table 1

time to death (min) average standard deviation

BoNT/A1, 1000 U 146.3 19.6

BoNT/B1, 1000 U 209 * 20.0

BoNT /D, 1000 U 193.2 * 18.9

BoNT /A1, 100 U 220.5 32.7

BoNT/B1, 100 U 301.3 * 22.9

BoNT /D, 100 U 304.4 * 22.3

*
significantly different from A1, p<0.02
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