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COMPOSITIONS AND METHODS OF USING 
DIFFERENTIATED CELLS SENSITIZED TO 

BOTULINUM NEUROTOXIN 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to US. Provisional Appli 
cation Ser. No. 61/700,965 ?led Sep. 14, 2012, which is 
incorporated herein by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made with government support under 
AI082826 and AI093504 awarded by the National Institutes 
of Health. The government has certain rights in the invention. 

FIELD OF THE INVENTION 

The present invention relates to methods of generating 
differentiated cells having neuron-like morphology and 
increased sensitivity to neurotoxin and methods of using such 
differentiated cells for detecting neurotoxin. 

BACKGROUND OF THE INVENTION 

Botulinum neurotoxin (BoNT) is a protease naturally pro 
duced in a pathogenic bacterial strain, Closlridium botuli 
num. Food borne botulism is primarily due to contamination 
of food by bacterial spores in an anaerobic environment. The 
bacteria require an anaerobic environment for the spores to 
germinate and for bacteria to grow. Botulism can be life 
threatening. The protein acts as a neurotoxin and is the most 
acutely toxic substance known to man. However, the toxin has 
legitimate medical uses for treating diseases including dis 
eases associated with severe muscle spasms, hyperhidrosis, 
pain, and others as the toxin can inhibit nerve activity by 
blocking neurotransmitter transmission, thereby decreasing 
muscle activity. The most lucrative application of BoNT is 
cosmetic usage where companies again harness the toxin’s 
ability to decrease muscle activity thereby smoothing 
wrinkles. 

Botulinum neurotoxin is classi?ed by the Centers for Dis 
ease Control and Prevention as one of the six highest-risk 
threat agents for bioterrorism (“Category A” bioterrorism 
agents). BoNT is a 150 kDa single chain protein which is 
linked by a disul?de bond that can be cleaved into a 100 kDa 
Heavy Chain (HC) and a 50 kDa Light chain (LC) by endog 
enous or exogenous proteases. The LC is a zinc metallopro 
tease which cleaves different SNARE proteins depending on 
the serotype causing ?accid paralysis. The HC consists of a 
C-terminal binding domain (HC) which is responsible for 
receptor binding and a N-terminal translocation domain (HN) 
which is responsible for delivering the catalytic light chain to 
the neuronal cytosol. Based on their ability to be neutralized 
by type speci?c antiserum, BoNTs have traditionally been 
categorized into seven serotypes (BoNT/A-G), among which 
BoNTs A, B, E, and F are known to cause human botulism. 
An in vivo mouse bioassay is an FDA-approved method for 

detecting BoNT activity. See Hatheway et al., in Laboratory 
Diagnosis of Infectious Diseases: Principles and Practice. 
Springer-Verlag, New York, 1988, p. 111-133; Schantz and 
Kautter, J. Assoc. Of Anal. Chem. 61:96-99 (1978). The 
mouse bioassay, which detects low pM amounts of BoNT/A, 
requires injecting mice intraperitoneally or intravenously 
with toxin or toxin/antibody mixtures and observing the 
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2 
injected mice for signs of toxicity and death. Another FDA 
approved method for detecting BoNT activity is a cell-based 
assay using SiMa cells. See Femandez-Salas et al., PLoS One 
7(11):e49516 (2012). For in vitro assays, continuous cell 
lines such as Neuro-2a, SK-N-SH, M17, SH-SY5Y, NT2, 
PC12, and SiMa have been tested for sensitivity to BoNT/A 
and are being used as research models. These cell lines, 
however, generally are insu?iciently sensitive to compete 
with the mouse bioassay with the exception of differentiated 
SiMA cells (Femandez-Salas et al., supra). Accordingly, 
there remains a need for practical and highly sensitive com 
positions and methods for detecting botulinum neurotoxin 
and their neutralizing antibodies for clinical and research 
applications. 

SUMMARY OF THE INVENTION 

In a ?rst aspect, the present invention provides a cell popu 
lation sensitized to botulinum neurotoxin. The cell population 
can comprise differentiated NG108-15 cells obtained by cul 
turing NG108-15 cells in a serum-free culture medium com 
prising retinoic acid or purmorphamine or any Sonic Hedge 
hog (Shh)-mimicking molecule for a time suf?cient for the 
cells to exhibit a motor neuron-like morphology. The differ 
entiated NG108-15 cells can be cholinergic and exhibit 
increased sensitivity to botulinum neurotoxin relative to 
undifferentiated NG108-15 cells. The NG108-15 cells can be 
cultured in the presence of a myotube. The myotube can be a 
differentiated C2C12 cell. The NG108-15 cells can be cul 
tured in the presence of the myotube for at least 5 days. The 
NG108-15 cells can be cultured in the presence of a ganglio 
side, preferably GT1b. Differentiated NG108-15 cells can 
synthesize choline acetyltransferase (ChAT). The botulinum 
neurotoxin can be selected from the group consisting of botu 
linum neurotoxin serotype A (BoNT/A), botulinum neuro 
toxin serotype B (BoNT/B), botulinum neurotoxin serotype 
C (BoNT/C), botulinum neurotoxin serotype D (BoNT/D), 
botulinum neurotoxin serotype E (BoNT/E), botulinum neu 
rotoxin serotype F (BoNT/F), and botulinum neurotoxin 
serotype G (BoNT/ G), or any subtypes thereof. 

In another aspect, the present invention provides a method 
of detecting botulinum neurotoxin or an antibody speci?c to 
botulinum neurotoxin in a sample. The method can comprise 
contacting a cell sensitized to botulinum neurotoxin to the 
sample; and detecting cleavage of a neurotoxin-speci?c 
cleavage substrate in the contacted cell, wherein cleavage of 
the cleavage substrate is indicative of botulinum neurotoxin 
in the sample. The method can comprise contacting a cell 
sensitized to botulinum neurotoxin to the sample; and detect 
ing cleavage of a neurotoxin-speci?c cleavage substrate in the 
contacted cell, wherein cleavage of the cleavage substrate is 
indicative of an antibody speci?c to botulinum neurotoxin in 
the sample. 
The neurotoxin-speci?c cleavage substrate can comprise a 

polypeptide selected from the group consisting of SNAP-25, 
VAMP/synaptobrevin, and syntaxin. Cleavage of SNAP-25 
can be indicative of BoNT/A, BoNT/C, or BoNT/E in the 
sample. Cleavage of VAMP/ synaptobrevin can be indicative 
of BoNT/B, BoNT/D, BoNT/F, or BoNT/G in the sample. 
Cleavage of syntaxin can be indicative of BoNT/C in the 
sample. 
The sample can be a biological sample, preferably serum, 

blood, plasma, or tissue. The sample can be a food, medica 
ment, or product for human consumption. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 presents images of (A) undifferentiated NG108-15 
cells and (B) differentiated cells derived from the NG108-15 
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cell line. Cells were differentiated in serum-free medium 
containing retinoic acid and purmorphamine for 5 days.Visu 
alized under phase-contrast using a Nikon Eclipse TE300 and 
photographed using a Photometrics Cool SNAP HQ camera. 

FIG. 2 presents data demonstrating NG108-l5 cell sensi 
tivity to BoNT/Al. (A) NG108-l5 cells were differentiated 
for 5 days in CM (serum-free differentiation culture 
medium), CM+RA (all-trans retinoic acid), CM+PUR (pur 
morphamine), CM+RA+PUR, or GTlB-CM-RA-PUR (24 
hour GTlB exposure) prior to BoNT/Al addition. (B) 
NG108-l5 cells were differentiated for 5 days in CM+RA+ 
PUR and exposed to GTlB continuously for 5 days prior to 
BoNT/Al addition. 

FIG. 3 presents data demonstrating NG108-l5 cell sensi 
tivity to BoNT/Al following myotube co-culture. (A) Undif 
ferentiated NG108-l 5 cells were co-cultured with differenti 
ated C2Cl2 myotubes and differentiated for 5 days. Cells 
were visualized under phase-contrast using a Nikon Eclipse 
TE300 and photographed using a Photometrics Cool SNAP 
HQ camera. (B) Co-cultured cells were differentiated in CM 
or CM+RA+PUR prior to BoNT/Al addition. All cells were 
exposed to the indicated toxin dilutions for 48 hours in par 
allel. Cell lysates were analyzed for SNAP-25 cleavage by 
Western blot. Data from three Western blots were quanti?ed 
by densitometry, and data plots and EC50 values were gener 
ated. The maturation time and EC50 values are shown. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention is based at least in part on the present 
discovery that particular culture conditions promoted the dif 
ferentiation of hybrid cells of the NG108-l 5 cancer cell line, 
the cells of which are a fusion of mouse neuroblastoma and rat 
glioma cells, into cells having a distinct motor neuron-like 
morphology. It was further discovered that the differentiated 
cells secreted acetylcholine in a similar manner to primary 
neuronal cells but responded poorly to botulinum neurotoxin. 
In particular, it was discovered that differentiation of NGl 08 
15 cells in serum-free medium containing retinoic acid or 
purmorphamine dramatically increased sensitivity of the neu 
rons to botulinum neurotoxin, whereas cancerous cell lines 
have traditionally shown low sensitivity to laboratory or phar 
maceutical preparations of botulinum neurotoxin. Impor 
tantly, these data suggested to us that differentiated NG108 
15 cells could be used to develop sensitive assays for 
detecting and quantifying botulinum neurotoxin. 

The NG108-l5 cell line is a chimeric fusion of mouse 
neuroblastoma and rat glioma cells, and closely mimics natu 
rally occurring motor neurons. Jiang et al., J. Biol. Chem. 
278:45435-45444 (2003). The cells are cholinergic, that is 
they secrete acetylcholine as their neurotransmitter. Previous 
work demonstrated that NG108-l 5 cells co-cultured with 
C2Cl2 cells (Mus musculus myoblast cell line) allowed for 
the formation of in vitro neuromuscular junctions. Choi et al., 
Neurosci. Lell. 236:167-170 (1997); Busis et al., Brain Res. 
324:201-210 (1984); Pun and Tsim, Mol. Cell. Neurosci. 
10:87-99 (1997). NG108-15 (ATCC® No. HB-l23l7) cells 
can be obtained from the American Type Culture Collection® 
(ATCC), an international repository of cells and other bio 
logical material. 

In a ?rst aspect, the present invention is directed to a cell 
population sensitized to botulinum toxin. In a preferred 
embodiment, the cell population sensitized to botulinum 
toxin comprises differentiated NG108-l5 cells obtained by 
culturing NG108-l 5 cells in a culture medium comprising a 
suf?cient amount of retinoic acid or purmorphamine, a small 
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4 
molecule activator of the Hedgehog signaling pathway, such 
that the cells have a motor-neuron-like morphology. 

In a preferred embodiment, NG108-l5 cells are differen 
tiated under serum-free culture conditions. An exemplary 
basal serum-free culture medium is Neurobasal® medium 
(Invitrogen). In some cases, one or more supplements are 
added to a serum-free culture medium. Culture medium 
supplements can include, without limitation, amino acids, 
growth factors, and antibiotics (e.g., penicillin, streptomy 
cin). 

In some cases, undifferentiated NG108-l5 cells are differ 
entiated in a serum-free culture medium comprising retinoic 
acid (RA) or purmorphamine (PUR). In other cases, NG108 
15 cells are differentiated in a serum-free culture medium 
comprising both retinoic acid and purmorphamine or another 
Sonic Hedgehog (Shh)-mimicking molecule including, for 
example, Shh itself. Preferably, a serum-free culture medium 
comprises between 0.1 uM-100 uM RA and/or between 0.25 
uM-25.0 uM PUR. More preferably, a serum-free culture 
medium comprises between 0.5 uM-lO uM RA and/ or 
between 0.75 uM-5 uM PUR. Most preferably, a serum-free 
culture medium comprises 5 uM RA, 2.5 uM PUR, or 5 uM 
RA+2 . 5 uM PUR. In some cases, undifferentiated NG108-l5 
cells are cultured in the presence of RA or PUR for l, 2, 3, 4, 
5, or more days. Preferably, NG108-l5 cells are cultured in 
the presence of RA or PUR for at least 5 days. 

To facilitate cell attachment, NG108-l5 cells can be cul 
tured on a plating substrate comprising extracellular matrix 
components. For example, NG108-l5 cells can be cultured on 
poly-L-omithine, collagen, laminin, or MatrigelTM (Becton 
Dickinson). MatrigelTM is an unde?ned extracellular matrix 
substrate comprising laminin, collagen, growth factors, and 
other molecules. 
When cultured under the conditions provided herein, 

NG108-l5 cells differentiate into cells which exhibit a motor 
neuron-like morphology, secrete acetylcholine, and exhibit 
increased sensitivity to botulinum neurotoxin relative to 
undifferentiated NG108-l 5 cells. As described herein, undif 
ferentiated NG108-l 5 cells can be cultured in serum-free 
culture medium comprising retinoic acid or purmorphamine 
for a time su?icient to observe a change in the morphology of 
the cells to a motor neuron-like morphology. Cells having a 
motor neuron-like morphology will exhibit a distinct cell 
body with a long axon and ?nger-like dendritic projections. 
Differentiated NG108-l5 cells of the present invention also 
will be cholinergic, meaning that they secrete acetylcholine. 
Any appropriate method can be used to identify differentiated 
NG108-l5 cells as cholinergic. For example, immunostain 
ing with antibodies against choline acetyltransferase (ChAT) 
can be performed. 
As described herein, differentiated NG108-l5 cells of the 

present invention also exhibit increased sensitivity to botuli 
num neurotoxin relative to undifferentiated NG108-l 5 cells. 
In some cases, the differentiated NG108-l5 cells described 
herein have increased sensitivity to botulinum neurotoxin 
serotypes known to cause botulism. For example, differenti 
ated NG108-l 5 cells can exhibit increased sensitivity to botu 
linum neurotoxin serotype A (BoNT/A), botulinum neuro 
toxin serotype B (BoNT/B), botulinum neurotoxin serotype E 
(BoNT/E), or botulinum neurotoxin serotype F (BoNT/F), or 
a subtype thereof, relative to undifferentiated NGl 08-1 5 cells 
or PC12 cells. As used herein, the phrase “half maximal 
effective concentration (EC50)” refers to the concentration of 
a toxin (e. g., neurotoxin) or other compound which induces a 
response halfway between the baseline and maximum after 
some speci?ed exposure time. As used herein, the term 
“LD50” refers to the median lethal dose of a toxin or other 
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compound in mice. In some cases, differentiated NG108-15 
cells detect BoNT/A with a half maximal effective concen 
tration (ECSO) value as low as approximately 1 1 mouse LD50 
units (LD50 U), which indicates that the differentiated cells 
are signi?cantly more sensitive than undifferentiated NG108 
15 cells or PC12 cells. EC50 values for differentiated cells of 
the present invention are approximately 11 mouse LD50 U to 
approximately 17 mouse LD50 U (e.g., 11, 12, 13, 14, 15, 16, 
17 LD50 U). 

In some cases, NG108-15 cells are cultured in the presence 
of a myotube. Myotubes are multinucleated cells that are 
formed when proliferating myoblasts exit the cell cycle, dif 
ferentiate, and fuse. Exemplary myotubes for use according 
to the methods described herein are differentiated C2C12 
cells. The C2C12 cell line is a primary line of mouse adherent 
myoblasts, the cells of which can differentiate into actin- and 
myosin-positive myotubes after 5 days in culture. See Burat 
tini et al., Eur. J. Histochem. 48(3):223-234 (2004). As 
described herein, co-culture of the differentiated NG108-15 
cells with C2C12 myotubes can signi?cantly increase the 
sensitivity of NG1 08-1 5 cells for neurotoxin (e. g., BoNT/A). 

In some cases, NG108-15 cells are pre-treated with gan 
gliosides. For example, NG108-15 cells can be pre-treated 
with a triasialoganglioside receptor GT1b, a co-receptor for 
botulinum toxin. Puri?ed gangliosides containing the “lb” 
substructure (i.e., having a NeuAca-2,8NeuAc group on an 
internal galactose residue) have been shown to directly sup 
port botulinum and tetanus toxin binding. See, for example, 
Rogers et al., J. Biol. Chem. 256:2402-2407 (1981); Morris et 
al., J Biol. Chem. 255:6071-6076 (1980); Holmgren et al., 
Eur. J Biochem. 106:371-379 (1980). As described herein, 
the addition of Gle to the culture medium improves cellular 
sensitivity to the toxin. In an exemplary embodiment, 
NG108-15 cells are co-cultured with Gle prior to contact 
ing to a sample or prior to toxin exposure. For example, cells 
pretreated with exogenous Gle can be 1.5 times (e.g., 1.1, 
1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, or more) more sensitive to 
botulinum neurotoxin (e.g., BoNT/A) than untreated cells, 
with EC50 values of 11-12 and approximately 17 LD50 U 
respectively. 

In another aspect, the present invention provides cell-based 
assays for detecting the presence of botulinum neurotoxin or 
antibodies speci?c to botulinum neurotoxin in a sample. In an 
exemplary embodiment, a method of detecting botulinum 
neurotoxin or an antibody speci?c to botulinum neurotoxin 
comprises contacting cells sensitized to botulinum toxin to a 
sample. A parallel assay can be performed wherein cells 
sensitized to BoNT are contacted to a control sample. 
As used herein, “control sample” refers to a sample com 

prising a known amount of a botulinum neurotoxin and, if 
applicable, a known amount of diluent. In some cases, the 
control sample is a negative control sample which contains no 
toxin. Control samples can be used to form a standard curve. 
The method can also comprise detecting cleavage of a cleav 
age substrate in the contacted cell. A cleavage substrate can be 
a polypeptide to which the botulinum neurotoxin speci?cally 
binds in the cell (e.g., SNAP-25 for BoNT/A, BoNT/C, and 
BoNT/E; VAMP/synaptobrevin for BoNT/ B, BoNT/ D, 
BoNT/F, and BoNT/ G; syntaxin for BoNT/ C). 

In some cases, the methods provided herein can be used 
with samples of different types. For example, a sample can be 
a biological sample such as serum, blood, plasma, or tissue. In 
some cases, the sample is a food, medicament, or product for 
human consumption. 

Unless de?ned otherwise, all technical and scienti?c terms 
used herein have the same meaning as commonly understood 
by one of ordinary skill in the art to which the invention 
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6 
pertains. Although any methods and materials similar to or 
equivalent to those described herein can be used in the prac 
tice or testing of the present invention, the preferred methods 
and materials are described herein. 

Various exemplary embodiments of compositions and 
methods according to this invention are now described in the 
following non-limiting Examples. The Examples are offered 
for illustrative purposes only and are not intended to limit the 
scope of the present invention in any way. Indeed, various 
modi?cations of the invention in addition to those shown and 
described herein will become apparent to those skilled in the 
art from the foregoing description and the following 
examples and fall within the scope of the appended claims. 

EXAMPLES 

Example 1 

Differentiating NG1 08-1 5 Neurons 

Cell Lines: Cryopreserved NG108-15 (HB-12317) and 
C2C12 (CRL-1772) cell lines were purchased from the 
American Type Culture Collection (ATCC). Both cell types 
were thawed according to manufacturer’s instructions, and 
maintained in 1x Dulbecco’s Modi?ed Eagle’s Medium 
(DMEM) (CellGro) with 4.5 g/L glucose, L-glutamine and 
sodium pyruvate supplemented with 10% (v/v) fetal bovine 
serum (FBS) (Invitrogen), 2% HAT supplement (Invitrogen), 
100 units/mL penicillin, and 100 units/mL streptomycin (In 
vitrogen) at 37° C., 5% CO2. For differentiation, NG108-15 
cells were seeded into 96-well plates (Techno Plastic Prod 
ucts) coated with 0.01% poly-L-ornithine (Sigma) and 8.3 
ug/cm2 MatrigelTM (BD Biosciences) at a density of approxi 
mately 20,000 cells per well. The cells were differentiated in 
serum-free medium (Neurobasal® medium supplemented 
with 2% B-27® Supplement, 2 mM GlutamaxTM, 100 units/ 
mL penicillin/ streptomycin (all from Invitrogen)). To induce 
motor neuron differentiation, 5 uM all-trans retinoic acid 
(RA) (Stemgent) and 2.5 uM purmorphamine (PUR) (Cal 
Biochem) was added to the serum-free medium, and cells 
were incubated in this medium for at least 5 days with 
medium changes every 2 days. Where indicated, NG108-15 
cells were exposed to 50 ug/mL of bovine brain trisialogan 
glioside GT1b (SIGMA) for at least 24 hours prior to BoNT/ 
A1 toxin exposure. 

Co-culture of NG108-15 cells with C2C12 myotubes: For 
the co-culture, C2C12 cells were seeded into 96-well plates 
(Techno Plastic Products) coated with 0.01% poly-L-orni 
thine (Sigma) and 8.3 ug/cm2 MatrigelTM (BD Biosciences) at 
a density of approximately 200 cells per well. Cells were 
differentiated to myotubes for 2 days in serum-free differen 
tiation medium prior to the addition of NG108-15 cells. The 
co-culture was then allowed to differentiate in serum-free 
medium for at least 5 days prior to use. Retinoic acid and/or 
purmorphamine was added as indicated. 

Botulinum Neurotoxin Preparation: Pure botulinum neu 
rotoxin (BoNT) serotypeA subtype 1 (150 kDa) was prepared 
from C. botulinum strain Hall A hyper as previously 
described (MaliZio et al., Methods Mol. Biol. 145:27-39 
(2000)). The toxin was dissolved in phosphate buffered saline 
(12.5 mM NaH2PO4, 75 mM NaCl), pH 7.4 and 40% glyc 
erol, and stored at —200 C. until use. Activity of the BoNT/A1 
preparation was determined by the mouse bioassay 
(Hatheway, in: Laboratory Diagnosis of Infectious Diseases: 
Principles and Practice. Springer-Verlag, New York, 1988, 
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pp. 1 11-133; Schantz and Kautter, J. Assoc. O?.‘ Anal. Chem. 
61 :96-99 (1978)), and speci?c toxicity was 1.25><108 mouse 
LD50 U/mg. 

In Vitro Neuronal Toxicity Assays: For all neuronal toxic 
ity assays, differentiated NG108-15 cells or co-cultured 
C2C12/NG108-15 cells were exposed to toxin 4-8 days post 
differentiation as indicated. Cells were exposed to the indi 
cated concentrations of BoNT/A1 in 50 pl of serum-free 
medium. All dilutions were tested in a minimum of triplicate 
and a negative control without toxin was always included. 
After a 48 hour toxin exposure, the toxin solution was 
removed, and cells were lysed in 50 pl of 1x lithium dodecyl 
sulfate (LDS) sample buffer (Invitrogen). The cell lysates 
were analyzed by Western immunoblot for SNAP-25 cleav 
age (Synaptic Systems) as previously described. See Pellett et 
al., FEBS Len. 581 :4803-4808 (2007); Pellett et al., J. Phar 
macol. Toxicol. Methods 61 :304-310 (2010). Cleaved and 
un-cleaved SNAP-25 bands were quanti?ed by densitometry 
using a Foto/Analyst FX system and TotalLab Quant software 
(Fotodyne). Data plots and EC50 values (four parameters 
variable slope) were generated using GraphPad PRISM 5 
software. 

Phase Contrast Microscopy: Differentiated and undiffer 
entiated C2C12 and NG108-15 cells were visualized under 
phase-contrast using a Nikon Eclipse TE300 microscope and 
photographed using a Photometrics Cool SNAP HQ camera. 

Incubation in Serum-Free Medium Initiates Cellular Dif 
ferentiation: Previous reports on NG108-15 cells differentia 
tion described replacing the 20% PBS in the growth medium 
with 2% heat-inactivated horse serum. See, for example, 
Jiang et al., J. Biol. Chem. 278:45435-45444 (2003). How 
ever, applying this technique resulted in approximately 50% 
cell death and generated cells that required very high concen 
trations of BoNT/A1 to result in SNAP-25 cleavage (64,000 
16,000 LD50 U) (data not shown). In an attempt to improve 
differentiation conditions of the NG108-15 cells while creat 
ing cells with the greatest sensitivity to BoNT/A1 intoxica 
tion, the normal growth medium was removed entirely, and 
replaced with serum-free medium. The switch from serum 
rich medium (FIG. 1A) to serum-free medium reduced cell 
death. The NG108-15 cells took on a very distinct motor 
neuron-like morphology consisting of dendrites, a soma, and 
an axon (FIG. 1B). 

Example 2 

BoNT/A Sensitivity of Differentiated NG108-15 
Neurons 

Retinoic Acid and Purmorphamine Improve Cellular Dif 
ferentiation and Minimizes Cell Death In order to optimize a 
protocol for NG108-15 cell differentiation leading to greatest 
BoNT/A1 sensitivity, several differentiation conditions were 
tested. This included addition of 3.8 uM nerve growth factor 
(NGF), 0.2 uM cAMP, 5-0.5 uM all-trans retinoic acid (RA), 
and/ or 2.5 uM purmorphamine (PUR) to the serum-free 
medium, as well as different plating matrices (poly-L-orni 
thine (PLO), collagen, laminin, matrigel) and differentiation 
periods from 1-10 days. The plating matrices did not affect 
BoNT/A sensitivity, however, the cells appeared the healthi 
est on plates coated with PLO and matrigel, and thus this 
coating procedure was chosen as the optimal pretreatment. 
While addition of NGF or cAMP to the medium did not affect 
BoNT/A1 sensitivity, the addition of RA and PUR signi? 
cantly increased sensitivity in a dose dependent-fashion, with 
5 uM RA resulting in the most sensitive cells. 
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8 
To further optimize differentiation conditions with RA and 

PUR, cells were maintained in serum-free medium alone or 
medium containing either 5 uM RA, or 2.5 uM PUR, or both 
neuronal differentiation factors together for 1-5 days. Sensi 
tivity to BoNT/A1 was then examined by exposing the cells to 
2-fold dilutions of BoNT/A (600 LD50 U-0.15 LD50 U) in 
serum-free medium and assessing SNAP-25 cleavage via 
Western immunoblot after 48 hours. The cells differentiated 
in the presence of both RA and PUR for at least 5 days were 
most sensitive to BoNT/A1, with a SNAP-25 cleavage EC50 
value of ~17 LD50 U. In contrast, cells that received only RA 
or PUR resulted in a signi?cantly greater EC50 values of ~39 
LD50 U and ~63 LD50 U. Cells differentiated in only serum 
free medium resulted in an EC50 value of ~60 LD50 U (FIG. 
2A). Additionally, those cells differentiated in medium con 
taining RA or PUR or both factors reached 100% cleavage of 
SNAP-25, while those cells in differentiation medium alone 
reached only approximately 80% cleavage at 600 LD50 U 
(FIG. 2A). 

Pretreatment ofNG108-15 cells with Gle Prior to Toxin 
Exposure Increases Sensitivity to BoNT/A1: Triasialogan 
glioside Gle is a co-receptor that maximizes BoNT binding 
to cell surface receptors. Rummel et al., Mol. Microbiol. 
51:631-643 (2004). Several cell lines (PC12, Neuro-2a, 
SH-SY5Y) demonstrate an increased sensitivity to BoNT/A1 
when pre-loaded with trisialoganglioside Gle for 24 hours 
prior to toxin exposure (Pier et al., FEBS Len. 585:199-206 
(2011); Yowler et al., J. Biol. Chem. 277:32815-32819 
(2002); Rasetti-Escargueil et al., Bolulinum Journal 2:30 
(2011)). To determine if NG108-15 cells also show an 
increased sensitivity to BoNT/A1 after similar pre-treatment, 
cells previously differentiated in culture medium containing 
RA and PUR were exposed to 50 ug/ml of Gle for 24 hours 
prior to BoNT/A exposure for 48 hours. GT1b-pretreated 
cells were approx. 1.5 times more sensitive to BoNT/A1 than 
untreated cells, with EC50 values of about ~12 and ~17 LD50 
U respectively (FIG. 2A). To determine if sensitivity could be 
additionally increased by prolonged Gle incubation, 
NG108-15 cells differentiated in medium containing 50 
11ng of Gle and RA and PUR for 5 days prior to BoNT/A1 
intoxication, changing the medium every other day. The pro 
longed GT1b incubation did not further improve BoNT/A1 
sensitivity (FIG. 2B). 

Co-culturing NG108-15 with C2C12 Cells Increases 
NG108-15 Sensitivity to BoNT/A1: To determine how the 
formation of in vitro NM] s affects NG108-15 cells sensitivity 
to BoNT/A1, NG108-15 cells were co-cultured with pre 
formed C2C12 myotubes for 5 days in serum-free medium 
before intoxication (FIG. 3A). Co-cultured NG108-15 
formed visible connections with C2C12 myotubes via axon 
and dendrite extensions after 48 hours. Based on observations 
using light microscopy, the axon lengths of the NG108-15 
cells were reduced in the co-culture as compared to the 
monoculture. The BoNT/A1 sensitivity of co-cultured cells 
(approx. 37 LD50 U) was about 2-fold greater than that of 
non-co-cultured NG108-15 cells (approx. 60 LD50 U) (FIG. 
3B). Addition of the differentiation factors RA and PUR to the 
medium did not further increase the sensitivity nor improve 
the health of the co-cultured NG108-15 cells (approx. 37 
LD50 U). 
As part of a screening effort to cell lines sensitive to BoNT/ 

Al, the NG108-15 cell line, a chimeric fusion of mouse 
neuroblastoma and rat glioma cells, with motor neuron-like 
characteristic was examined. Because undifferentiated 
NG108-15 cells are relatively insensitive to BoNT detection 
(ECSOIapprox. 1,600 LD50 U), the effect of differentiation of 
the NG108-15 cells in the serum-free medium with and with 
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out the presence of neuronal differentiation factors was moni 
tored. These conditions led to a relatively high sensitivity 
(ECSOIapprox. 60 LD50 U), however, about 50% of the cells 
died during this differentiation procedure, making it dif?cult 
to achieve consistent cultures of differentiated neurons. Thus, 
differentiation in the presence of factors known to drive motor 
neuron differentiation in stem cells (RA and PUR) (Johnson 
et al., Development 114:75-87 (1992); Okamoto et al., Cell 
60:461-472 (1990); Shimazaki et al., EMBOJ. 12:4489-4498 
(1993); Fuji et al.,Neuron 11:1197-1206 (1993); Turneret al., 
Neuron 12:205-218 (1994); Takahashi et al., J. Neurobiol. 
38:65-81 (1999); Li et al., Stem Cells 26:886-893 (2008)) was 
examined. This increased sensitivity ~4-fold (EC50:~16 
LD50 U). Taken together, these data indicate that differentia 
tion of NG108-15 cells in serum-free medium supplemented 
with 5 uM RA and 2.5 uM PUR results in consistently healthy 
motor neuron-like cells (FIG. 2A) with the greatest BoNT/A 
sensitivity. 
A 24-hour exposure to trisialoganglioside GT1b prior to 

intoxication resulted in an additional 1.5-fold increase in 
BoNT/A1 sensitivity, but a continuous exposure of 5 days did 
not further increase sensitivity (FIGS. 2A, B). Extracellular 
Gle has been shown in neuro-2a cells to be incorporated 
into the cell membrane, leading to a dramatic increase in 
BoNT/A sensitivity due to increased association of the toxin 
with the cell membrane. Yowler et al., J. Biol. Chem. 277: 
32815-32819 (2002). Similarly, the increase in sensitivity in 
NG108-15 cells after GT1b incubation is likely due to an 
increased ability of BoNT/A1 to associate with the cell mem 
brane, and therefore undergo endocytosis. While signi?cant, 
the relatively small GT1b-induced increase in BoNT/A1 sen 
sitivity can likely be explained by an increase of endogenous 
gangliosides as the NG108-15 cells are differentiated. Dahms 
et al., J. Neurosci. 3:806-817 (1983). However, these data 
suggest that the cell surface becomes trisialoganglioside 
saturated after the 24 hour incubation such that continuous 
GT1b incubation does not further improve toxin binding. 

Because botulism is characterized by symptoms of speci?c 
motor neuron paralysis, these cells present an interesting 
model system to study BoNTs. Previous reports have shown 
that NG108-15 cells can be differentiated into cells with 
motor neuron like morphologies and characteristics including 
the secretion of acetylcholine and the synthesis of choline 
acetyltransferase (Wilson et al., Federation Proceedings 
3711784 (1978); McGee et al., Proc. Natl. Acad. Sci. USA. 
75:1314-1318 (1978)), the ability to readily form synapses 
with differentiated C2C12 cells (Nelson et al., Proc. Natl. 
Acad. Sci. USA. 73:123-127 (1976)), and can conduct min 
iature end-plate potentials (MEPPs) (Higashida, J. Physiol. 
397:209-222 (1988)). The BoNT/A1 sensitivity of such co 
cultured cells (FIG. 3A) was examined, and was increased 
over 2-fold compared to non co-cultured cells (FIG. 3B). This 
increase in sensitivity is likely due to the uncharacterized, 
environmental factors provided by the myotubes. Surpris 
ingly, co-culturing cells in serum-free medium containing 
RA and PUR did not increase sensitivity further, but this can 
likely be attributed to a decrease in overall cell health. 

While the differentiated NG108-15 cells are 50 times less 
sensitive than primary rat spinal cord (RSC) cells or stem cell 
derived neurons (EC50~0.3 LD50 U) (McNutt et al., Biochem. 
Biophys. Res. Commun. 405185-90 (2011); Pellett et al., Bio 
chem. Biophys. Res. Commun. 404:388-392 (2011); Pellett et 
al., FEBSLeZZ. 581 1803-4808 (2007); Whitemarsh et al., Toxi 
col. Sci. 126:426-435 (2012)), these cells are signi?cantly 
more sensitive than cell lines previously tested. Unlike pri 
mary cells and stem cell derived neurons, these cells do not 
require laborious animal dissections or prolonged differen 
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tiation periods and signi?cantly less knowledge of cellular 
reprogramming. Additionally, NG108-15 cells are easy to 
maintain and can be robustly and consistently differentiated 
using the protocol described herein. While pre-differentiated 
neurons derived from human-induced pluripotent stem cells 
are now available for purchase and are exquisitely sensitive to 
BoNTs (Whitemarsh et al., Toxicol. Sci. 126:426-435 
(2012)), these cells are very expensive and thus not suitable 
for all projects involving BoNT research. Using differentiated 
NG108-15 cells for BoNT toxicity testing is signi?cantly less 
expensive than using primary cells or hiPSC-derived neurons, 
and the sensitivity is suf?cient for many research projects. In 
addition, the motor neuron like characteristics of this cell line 
and the ability to co-culture the neurons with myotubes to 
form NM] s make it an interesting BoNT study model. 
We claim: 
1. An isolated cell population having increased sensitivity 

to botulinum neurotoxin, wherein the cell population com 
prises differentiated NG 108-15 cells obtained by culturing 
undifferentiated NG108-15 cells in a serum-free culture 
medium comprising retinoic acid and an agonist of sonic 
hedgehog (SHH) signaling for a time suf?cient for the cells to 
exhibit a differentiated, motor neuron-like morphology, and 
wherein the differentiated NG108-15 cells are cholinergic 
and exhibit increased sensitivity to botulinum neurotoxin 
relative to undifferentiated NG108-15 cells or NG108-15 
cells differentiated in the absence of retinoic acid and the 
SHH signaling agonist. 

2. The cell population of claim 1, wherein culturing further 
comprises culturing the undifferentiated NG108-15 cells in 
the presence of a myotube. 

3. The cell population of claim 2, wherein the myotube is a 
differentiated C2C12 cell. 

4. The cell population of claim 2, wherein the undifferen 
tiated NG108-15 cells are cultured in the presence of the 
myotube for at least 5 days. 

5. The cell population of claim 1, wherein culturing further 
comprises culturing the undifferentiated NG108-15 cells in 
the presence of a ganglioside. 

6. The cell population of claim 5, wherein the ganglioside 
is GT 1 b. 

7. The cell population of claim 1, wherein differentiated 
NG108-15 cells synthesize choline acetyltransferase (ChAT). 

8. The cell population of claim 1, wherein the botulinum 
neurotoxin is selected from the group consisting of botulinum 
neurotoxin serotype A (BoNT/A), botulinum neurotoxin 
serotype B (BoNT/B), botulinum neurotoxin serotype C 
(BoNT/C), botulinum neurotoxin serotype D (BoNT/D), 
botulinum neurotoxin serotype E (BoNT/E), botulinum neu 
rotoxin serotype F (BoNT/F), and botulinum neurotoxin 
serotype G (BoNT/ G), or a subtype thereof. 

9. The cell population of claim 1, wherein the agonist of 
SHH signaling is purmorphamine or SHH. 

10. The cell population of claim 9, wherein the agonist is 
purmorphamine. 

11. A method of detecting botulinum neurotoxin in a 
sample, where the method comprises 

(a) contacting a differentiated NG108-15 cell of claim 1 
sensitized to botulinum neurotoxin to the sample; and 

(b) detecting cleavage of a neurotoxin-speci?c cleavage 
substrate in the contacted cell, wherein cleavage of the 
cleavage substrate is indicative of biologically active 
botulinum neurotoxin in the sample. 

12. The method of claim 11, wherein the neurotoxin-spe 
ci?c cleavage substrate comprises a polypeptide selected 
from the group consisting of SNAP-25, VAMP/synaptobre 
vin, and syntaxin. 
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13. The method of claim 12, wherein cleavage of SNAP-25 
is indicative of a toxin selected from BoNT/A, BoNT/C, and 
BoNT/E in the sample. 

14. The method of claim 12, Wherein cleavage of VAMP/ 
synaptobrevin is indicative of BoNT/ B, BoNT/D, BoNT/F, or 
BoNT/G in the sample. 

15. The method of claim 12, Wherein cleavage of syntaxin 
is indicative of BoNT/C in the sample. 

16. The method of claim 11, Wherein the sample is a bio 
logical sample. 

17. The method of claim 16, Wherein the biological sample 
comprises a material selected from serum, blood, plasma, and 
tissue. 

18. The method of claim 11, Wherein the sample is selected 
from a food, a medicament, and a product for human con 
sumption. 
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