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Summary

The mouse LDsg assay is routinely used for potency testing of botulinum toxins. Unfortunately, this test is
associated with severe pain and distress in animals and consumes large numbers of mice. Here we used
cocultures of spinal cord and muscle tissue to assess botulinum toxin potency. Cocultures were prepared
from mouse embryonic tissue (C57/BL6J) and cultured for 24-27 days. Spontaneous muscle activity

was quantified in sham- and botulinum toxin-treated cultures for up to 3 days by video microscopy. At a
concentration of 58 fmol/l or higher, incobotulinumtoxin A significantly reduced the frequency of muscle
contractions within 24 h after exposure. Hence, the sensitivity of nerve-muscle cultures is comparable

to that of the mouse LDsg assay. The limit of detection observed in this study is close to that of the most
sensitive cell-based bioassays, capable of detecting concentrations of botulinum neurotoxin A of between
30 and 50 fimol/l. However, spontaneous muscle activity of individual cultures displayed considerable
fluctuations when evaluated on a day-to-day basis and, in its present form, this in vitro assay might be too
laborious for botulinum toxin potency testing. Thus, methodical improvements to decrease data variability

and increase throughput are the next milestones towards developing the model into an assay that can be

utilized to reduce animal experimentation.
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1 Introduction

Botulinum neurotoxins are zinc endopeptidases which hy-
drolyze synaptosomal-associated receptor (SNARE) proteins
(Martens and McMahon, 2008). By cleaving the plasma mem-
brane-associated peptide SNAP-25, botulinum toxin A inhib-
its the release of acetylcholine at the neuromuscular junction
and causes flaccid paralysis that can be fatal (Humeau et al.,
2000).

Medicinal products containing botulinum toxin A are in cur-
rent use for treating several diseases including dystonia, mi-
graine, hyperhydrosis, blepharospasm and torticollis (Dressler,
2012; Schiavo et al., 2000). According to legal regulations, each
botulinum toxin batch must undergo potency testing (Adler et
al., 2010). The standard procedure according to Pharm EU and
USP is the classical mouse LDso (lethal dose that kills 50% of
the tested animals) assay. Because this test is associated with
severe distress in animals and requires large numbers of rodents,
it is highly desirable to develop animal-free assays (Adler et
al., 2010; Bitz, 2010; Pharm EU, 2011). In this respect, signifi-

cant progress has been made in the past years (Ferndndez-Salas
et al., 2012; Grate et al., 2010). However, due to patent issues
it is unlikely that new assays developed by manufacturers of
licensed products or profit-oriented institutions will widely re-
place animal LDsp tests in the near future (Ferndndez-Salas et
al., 2012). For this reason, the promotion of in vitro assays that
are free to use should not be neglected.

Recently, a cell culture model composed of spinal cord tis-
sue slices and muscle cells (nerve-muscle-cultures) was suc-
cessfully utilized for evaluating muscle-relaxant properties of
succinylcholine and organophosphorus compounds (Drexler
et al., 2011, 2013). In this preparation, motor neurons synapse
with muscle cells and action potential activity of spinal motor
neurons directly translates into muscle contractions (Braschler
et al., 1989). We consider nerve-muscle cultures a valuable tool
for testing botulinum toxins as, unlike other cell-culture based
test systems, this model is capable of measuring the patient-rel-
evant action of the toxins, namely muscle relaxation. In the past
years, several approaches to establish these cultures have been
successfully developed and published (Braschler et al., 1989;

Received April 29, 2013; accepted in revised form August 5, 2014; Epub August 14, 2014; http://dx.doi.org/10.14573/altex.1304291

*Authors contributed equally to this work.

ALTEX 31, 4/14

433


http://dx.doi.org/10.14573/altex.1304291

ECKLE ET AL.

Gihwiler, 1981; Rosato-Siri et al., 2004; Spenger et al., 1991;
Stoppini et al., 1991). Thus, free usability of these methods is
warranted.

However, investigations on the actions of botulinum toxins
in nerve-muscle cultures have not been carried out so far. The
primary objective of the present study was to find out whether
botulinum neurotoxin A concentrations corresponding to ap-
proximately 1,2, 5, and 50 mouse LDsp units diminish muscle
activity in these cultures. We observed that at a concentration
corresponding to 2 mouse LDso units or higher, incobotulinum-
toxin A (Xeomin®) did significantly reduce muscle activity.

2 Experimental procedures

Preparation of co-cultures

All procedures were approved by the local animal care com-
mittee (Eberhard-Karls-University, Tubingen, Germany) and
were in accordance with the German law on animal experi-
mentation. Every endeavor was made to minimize both suf-
fering and number of animals sacrificed for this study. Under
deep anesthesia pregnant C57/BL6J mice (E 13-15) were sac-
rificed and embryonic tissue slices (300 M) from the spinal
cord and surrounding muscles were obtained as previously re-
ported (Braschler et al., 1989). These slices were placed on a
glass coverslip and embedded into a fluid consisting of chicken
plasma and thrombin (Sigma, Taufkirchen, Germany). Coagu-
lation of the fluid occurred within a few minutes and the tissue
was mechanically fixed onto the coverslip. Next, the coverslip
and the attached tissue were transferred into a plastic tube and
supplemented with 0.75 ml nutrition medium composed of
25 vol-% horse serum (Invitrogen, Karlsruhe, Germany),
25 vol-% Hank’s balanced salt solution (Sigma) and 50 vol-%
Basal Medium Eagle (Sigma) with neuronal growth factor (Sig-
ma) added to a final concentration of 10 nM. The culture me-
dium and the tissue slices therein were incubated with 5% CO2
at 36°C for 2-3 hours. Thereafter, the plastic tubes were tightly
sealed by screw caps. After one day in culture, antimitotics
(10 uM 5-fluoro-2-deoxyuridine, 10 uM cytosine-b-arabino-
furanoside, 10 pM uridine; all from Sigma) were added in or-
der to reduce the growth of glial cells. The roller tube approach
was used for culturing the tissue (Gdhwiler, 1981). We typi-
cally obtained 50-80 nerve-muscle cultures from each prepara-
tion. Spontaneous muscle contractions developed within the
first week ex vivo, indicating de novo formation of neuromus-
cular junctions. This was observed in about 65% of the cul-
tures. Recordings of muscle contractions were carried out in
cultures after 23 days in vitro when major developmental steps
in maturation had been passed (Avossa et al., 2003; Rosato-
Siri et al., 2004).

Setup for monitoring muscle movements

In nerve-muscle cultures, muscle contractions are controlled
by acetylcholine-releasing spinal neurons that synapse with
muscle fibers (Magloire and Streit, 2009; Rosato-Siri et al.,
2004). Botulinum toxin A is known to inhibit acetylcholine
release at the neuromuscular junction by cleaving SNAP-25
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(Humeau et al., 2000; Schiavo et al., 2000; Turton et al., 2002).
We therefore expected a reduction of muscle activity after ex-
posing the cocultures to incobotulinumtoxin A. Muscle move-
ments were monitored before and during drug exposure by a
video camera (The Imaging Source Europe GmbH, Bremen,
Germany) mounted on an inverted microscope (Carl Zeiss Mi-
croscopy GmbH, Géttingen, Germany). The duration of a sin-
gle recording was 180 seconds and the frame rate was 30 Hz.
For performing videomicroscopic recordings, a plastic tube
containing a nerve-muscle culture was placed on the heated
stage of the inverted microscope. Throughout all recordings,
the temperature was kept close to 36°C. At an optic magnifica-
tion of 40x, spontaneous contractions of muscle fibers were
visualized. At the beginning of each recording session, con-
trast and brightness of the video image were optimized and
a single picture was taken and stored on the computer. This
allowed re-identification of the regions of interest, which was
necessary as cultures were returned to the incubator between
recording sessions. A small fraction of muscle fibers displayed
tonic contractions. These samples were excluded from further
analysis.

Quantification of muscle activity

Muscle activity was quantified offline using a Hewlett Packard
7800 video-workstation (Picturetools, Hamburg, Germany).
Videos were played back and the regions of interest were de-
fined by visual inspection. Close attention was paid that these
regions contained high-contrast borders of muscle fibers that
were moving in the course of muscle contractions. Due to the
muscle movements, the brightness of pixels (8 bit resolution)
in the region of interest changed with time. These changes
were well correlated with the intensity and frequency of mus-
cle contractions (Drexler et al., 2011). An in-house developed
algorithm was used for quantifying the changes in brightness
between subsequent video frames (Drexler et al., 2011, 2013).
Software for analyzing the data was written in Matlab 7.1 (The
MatWorks Inc., Natick, MA, USA). The correctness and per-
formance of the algorithms were confirmed by self-designed
test videos. The latter were created in Adobe After Effects CS4
(Adobe Systems, Inc., San Jose, CA, USA).

Pre-treatment of co-cultures

In nerve-muscle cultures, synapses between motor neurons and
muscle cells and, in addition, synapses between spinal interneu-
rons of the ventral horn area are accessible to drugs dissolved
in the culture medium. Botulinum toxins do not exclusively act
at neuromuscular junctions but also inhibit transmitter release
at neuronal synapses (Antonucci et al., 2008; Capogna et al.,
1997; Scarlatos et al., 2008). In spinal networks, glutamate is
the major excitatory neurotransmitter. Thus, it seemed possible
that in our study incobotulinumtoxin A decreased muscle ac-
tivity at least in part via a spinal mechanism of action, namely
by reducing glutamate release onto spinal motor neurons. To
exclude this possible pathway of action, cultures were treated
with glutamate receptor antagonists (D-L-2-amino-5-phospho-
nopentanoic acid (AP5; 20 uM) and 6-cyano-7-nitroquinoxa-
line-2.3-dione (CNQX; 15 yM)) prior to exposing them to in-
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cobotulinumtoxin A. This pre-treatment only mildly affected
spontaneous muscle activity, which is consistent with findings
of a previous study (Magloire and Streit, 2009).

Chemicals

Unexpired batches of Xeomin® (batch # 050425, Merz Phar-
maceuticals, Frankfurt, Germany) were used in the present
study. Vials contained 100 mouse LDs5o units of botulinum toxin
type A (corresponding to 0.44 ng total clostridial protein con-
tent), 1.0 mg human serum albumin, and 4.7 mg sodium su-
crose (Dressler, 2012). Lyophilized botulinum toxin A complex
(0.44 ng) was diluted with culture medium containing the gluta-
mate-receptor antagonists AP5 (20 xM) and CNQX (15 uM).
The toxin was added to a final concentration corresponding to
1, 2,5 and 50 mouse LDso units, respectively. Assuming a mo-
lecular weight of 150 kDa, the final concentration of botulinum
toxin A corresponding to one LDso unit was 29 fmol/l.

Experimental design

Spontaneous muscle activity in nerve-muscle cultures was re-
corded over a period of four subsequent days. Prior to the present
study, it was unknown whether muscle activity spontaneously
changes within this period of observation. In that case, pharma-
cological interventions would not be feasible. To exclude this
possibility, two experimental groups were defined. The first
group was treated with the neurotoxin. Cultures of the second
group (sham) underwent all manipulations that were performed

Ro R1 R2 R3 R4
| | | |
Standard- + Glu- + Glu-Antagonist + Toxin
Medium +| Antagonist (SHAM: no Toxin)

: : : : 1 L
1 - N QRO pape
> Q“s\ Q& Q&

Fig. 1: Experimental workflow used for quantifying the
actions of botulinum toxin A in nerve-muscle cultures

Cell cultures derived from the same preparation were divided into
a botulinum toxin group and a sham group. After 23 days ex vivo,
muscle activity was recorded in the cultures bathed in standard
cell culture medium (RO). Then, the medium was exchanged

(M0) and antagonists of glutamate receptors (+glu-antagonist)
were added to both the botulinum toxin and sham group. Another
recording was performed after 2 h incubation time (R1). Next, the
cell culture medium was exchanged again (M1) and the cultures in
the toxin group were exposed to incobotulinumtoxin A (Xeomin®).
Then muscle activity was recorded after 24, 48 and 72 h (R2, R3,
R4) in both groups.
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in the botulinum toxin group except for the application of in-
cobotulinumtoxin A to the culture medium. Furthermore, care
was taken that cultures of the botulinum toxin and sham group
were recruited from the same preparations and therefore were
of the same age. Using this approach, it was possible to iso-
late the specific action of incobotulinumtoxin A and to quantify
spontaneous baseline changes in muscle activity not associated
with the action of incobotulinumtoxin A. The distribution of
the data was tested by the Lilliefors test. The Kruskal-Wallis
test combined with a Dunn’s multiple comparison analysis was
applied for statistical testing of unpaired samples assuming
a non-parametric data set. Data is presented as median and
interquartile range. The whiskers of the box plots signify the
2.5 to 97.5 percentile. Significant p-values are indicated with
asterisks (¥ <0.05, ¥* <0.01, **¥* <0.001).

Workflow

Figure 1 displays the time schedule used for the pharmacologi-
cal manipulations and for monitoring muscle contractions. The
nerve-muscle cultures were fabricated on day 0. Thereafter, they
were maintained for at least 23 days ex vivo. During this period,
functional synaptic contacts formed, innervating cocultured
muscle tissue (Spenger et al., 1991; Streit et al., 1991). Muscle
activity was recorded before and after adding the glutamate-re-
ceptor blockers and then subsequently at intervals of 24 hours.

3 Results

3.1 Basal activity in nerve-muscle cultures

Figure 2 shows the typical microscopic view of a nerve-mus-
cle culture. A 300 xM thick transverse spinal cord slice was
cultured together with the dorsal root ganglia and muscle tis-
sue for 24 days. Recordings were carried out in a total of 255
nerve-muscle cultures displaying robust muscle activity. In
these cultures, muscle fibers contracted spontaneously. The
frequency of contractions was well approximated by a nor-
mal distribution (Fig. 3, mean: 1.56 Hz, SD: 0.92 Hz). Muscle
movements were abolished by the muscle-relaxant drug suc-
cinylcholine, which targets nicotinic acetylcholine receptors,
thereby interrupting neuromuscular transmission (Drexler et
al., 2013). These findings confirmed that muscle contractions
in nerve-muscle cultures were triggered by spinal motor neu-
rons generating action potentials and releasing acetylcholine
onto muscle fibers.

Botulinum toxin A does not only reduce transmitter release
at neuromuscular junctions, but also at synapses between spinal
interneurons (Bigalke et al., 1985; Pellett et al., 2007; Sheridan
et al., 2005; Welch et al., 2000). Glutamate is the major excita-
tory neurotransmitter in the spinal cord (Talpalar and Kiehn,
2010). Since motor neurons express glutamate receptors, we
wondered whether a decrease in glutamate release caused by
botulinum toxins might influence muscle activity. As a selec-
tive application of the toxin to spinal neurons and muscle fibers
was technically impossible, we simulated the toxin’s potential
depression of glutamatergic synaptic transmission by apply-
ing glutamate receptor antagonists. Pharmacologic blockade of
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Fig. 2: Microscopic view of a typical nerve-muscle culture
maintained for 24 days in vitro

(A) A spinal cord slice was cultured together with adjacent muscle
tissue. A clearly visible set of muscle fibers is marked by the white
arrows. (B) Muscle fibers at a higher magnification.

glutamate receptors by AP-5 (20 M) and CNQX (15 uM) did
not significantly reduce the frequency of muscle contractions
of single muscle fibers (data not shown). Therefore, it seems
unlikely that incobotulinumtoxin A was capable of attenuating
the frequency of muscle contractions via this route. However,
there is ample evidence in the literature that a depression of
synaptic transmission produced by pharmacologic interven-
tions evokes homeostatic responses and changes neuronal
excitability on a slow time scale (Davis, 2006; Galante et al.,
2000; Turrigiano, 1999). Thus, a modulating botulinum effect
at the neuromuscular junction might be veiled by alterations of
glutamate transmitter release in the spinal ventral horn, where
locomotor activity is triggered. In order to reduce the capabil-
ity of our cultures to produce long-term homeostatic responses
during botulinum toxin treatment, all cultures were pre-treated
with glutamate receptor blockers at point MO of our experimen-
tal workflow (Fig. 1).

&

3.2 Incobotulinumtoxin A reduced

spontaneous muscle contractions

Spontaneous muscle activity commonly emerges during the first
week ex vivo. However, at this time spinal neurons and muscle
cells have not yet passed major developmental maturation steps
(Avossa et al., 2003; Rosato-Siri et al., 2004). Therefore, ex-
periments testing incobotulinumtoxin A were performed after
23 days in vitro. The effects of 1.46 pmol/l (50 LDso mouse
units) incobotulinumtoxin A (Xeomin®) on the frequency of
spontaneous muscle contractions in cultures pretreated with
AP5/CNQX are presented in Figure 3. Remarkably, 24 h after
application of incobotulinumtoxin A, muscle activity was al-
most abolished (Fig. 3B-C). When comparing the histograms
before and after incobotulinumtoxin A treatment, the distri-
butions of the detected muscle activity appeared to be quali-
tatively different (Fig. 3A-B). As the distribution was almost
parametric before incobotulinumtoxin A application, a strong
leftward tendency was induced by the drug. The hypothesis that
the muscle activity of the botulinum-treated group describes a
Gaussian distribution had to be rejected (Lilliefors test). In a
cumulative distribution plot the median activity corresponds to
the frequency of muscle contractions with a cumulative frac-
tion of 0.5 (shown in Fig. 3C). This number was 1.40 Hz in the
absence of incobotulinumtoxin A, but only 0.14 Hz after 24 h
of drug exposure.

3.3 Comparison between botulinum toxin and
sham-treated cultures

In Figure 4 the frequency of muscle contractions is compared
between different botulinum toxin concentrations (correspond-
ing to 1, 2, 5 and 50 LDso mouse units) and sham group. As
muscle activity measured in the botulinum toxin group was not
normally distributed, a non-parametric method was used for sta-
tistical comparison. After pre-treating cell cultures with gluta-
mate receptor antagonists, the frequency of muscle contractions
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Fig. 3: The frequency of muscle contractions before and after exposing nerve-muscle-cultures to botulinum toxin A

(A) Before treating the cultures (control, n=88), the frequency of muscle contractions ranged between 0 and 4 Hz without displaying

a clear peak in the bins between 0.5 and 2.5 Hz. The frequency followed a Gaussian distribution. (B) After exposing the cultures to
incobotulinumtoxin A (toxin, incubation time: 24 h, n=44), the distribution of muscle activity changed dramatically, peaking at the first bin.
(C) The cumulative distribution showed that before applying the toxin the frequency of muscle activity was smaller than 0.5 Hz in only
15% of cultures. This fraction increased to approximately 60% after adding botulinum toxin A to the culture medium. Arrows indicate the
medians before (control: 1.40 Hz) and after adding incobotulinumtoxin A (toxin: 0.14 Hz).
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Fig. 4: Muscle activity in botulinum versus

sham-treated cultures

(A) The box plots compare spontaneous muscle activity as
monitored in cell cultures before and after exposure to 1 (n=33),

2 (n=31), 5 (n=45) and 50 (n=49) LD5p mouse units botulinum
toxin and sham treatment (n=97). The medians are represented
by the horizontal lines within the boxes. The boxes correspond to
the interquartile range and the whiskers to the 2.5-97.5 percentile.
For statistical testing of non-parametric data, the Kruskal-Wallis
test combined with Dunn’s multiple comparison analysis was
applied. The frequency of muscle contractions was significantly
lower in the botulinum toxin group at 2, 5 and 50 LDsp mouse units
compared to the sham group (p-values are indicated on top of

the box plots). (B) Concentration-response curve indicating

an inhibitory concentration of 50% (IC50) at 53.2 fmol/l. The

95% confidence intervals of the medians are displayed as bars.

was not different between the botulinum toxin and sham group
(Kruskal-Wallis test for unpaired samples). In contrast, 24 h af-
ter adding botulinum toxin A, muscle activity was significantly
reduced at concentrations of 2, 5, and 50 LDso mouse units, but
remained almost unchanged at 1 LDso mouse unit (Fig. 4A).
Derived from this data set, a concentration-response curve in-
dicated an inhibitory concentration of 50% (ICso) at 53.2 fmol/l
Xeomin® (Fig. 4B).

3.4 Long-term monitoring of botulinum

toxin effects

In a next step, the muscle-relaxing action of botulinum toxin A
was monitored for up to 3 days. Concentration-dependent ef-
fects were very similar after 24 and 72 h (Fig. 4A,5A). Interest-
ingly, effects partially only reached significance level after 48 h
(Fig. 5B). Thus, we explored the stability of muscle activity
in individual cell cultures on a daily basis. We plotted the fre-
quency of muscle contractions of cultures undergoing sham
treatment as determined shortly after exchanging the culture
medium and 24 h later (Fig. 6D). In the middle and on the right
hand side similar plots are provided for the subsequent days
(Fig. 6E,F). Assuming that muscle activity in individual cell
cultures remains stable for 24 h, all points would line up on the
diagonal band. However, this could clearly not be observed,
indicating that spontaneous muscle activity in individual cul-
tures seems variable. In the upper row of Figure 6 similar plots
are provided for the botulinum toxin group. In Figure 6A, a
number of points are located on a vertical line on the left hand
side of the plots. Muscle activity in these cultures completely
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Fig. 5: Botulinum toxin effect after 48 and 72 h

(A) Muscle activity for 1 (n=33), 2 (n=31), 5 (n=45), and 50 (n=49)
LDsp mouse units botulinum toxin and sham treatment (n=97)
after 48 h neurotoxin incubation. Note the reduction of frequency
at 2, 5, and 50 LD5g mouse units, while statistical significance was
solely reached at 5 LDsg mouse units. (B) After a 72 h incubation,
the botulinum toxin effect was significant at 2, 5, and 50 LDsg
mouse units.

disappeared 24 h after treatment with incobotulinumtoxin A. In
Figure 6B a considerable number of cultures are on a horizontal
line on the bottom of the figure. Interestingly, these cultures
were inactive 24 h after adding incobotulinumtoxin A, but re-
gained activity after 48 h. This phenomenon was not observed
in the sham group. Homeostatic mechanisms, e.g., an increased
expression of nicotinic acetylcholine receptors and other ion
channels, may partly account for the spontaneous re-occurrence
of muscle activity in these samples (Galante et al., 2000).

In summary, the maximum effect of the neurotoxin was al-
ready achieved within the first 24 h after exposing the cocul-
tures to botulinum toxin A (Fig. 4). Furthermore, spontaneous
muscle activity in individual cultures shows large fluctuations
when evaluated on a day-to-day basis (Fig. 6), thus introducing
considerable scatter into the data set.

4 Discussion

4.1 Sdlient features of nerve-muscle cultures

In the present study, nerve-muscle cultures composed of spi-
nal cord and muscle tissue were used for detecting the muscle-
relaxing action of botulinum toxin A. In these cell cultures,
the muscle-relaxant properties of botulinum toxin A can be
assessed by comparing the frequency of muscle contractions
in treated versus untreated samples. Our key finding is that at
therapeutically relevant concentrations, incobotulinumtoxin A
significantly decreased muscle activity (Fig. 3,4). At a concen-
tration of 58 fmol/l or higher, incobotulinumtoxin A reduced
the frequency of muscle contractions within 24 h after start-
ing the treatment, indicating that nerve-muscle cultures are as
sensitive as the mouse LDso assay. Furthermore, the limit of
detection, as observed in our study, is close to the most sensi-
tive cell-based bioassays, capable of detecting concentrations
of botulinum neurotoxin A ranging between 30 and 50 fmol/l
(Pellett et al., 2007).
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Fig. 6: Muscle activity in individual
cultures compared at 24 h time lags
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Nerve-muscle cultures offer a micro-environment display-
ing all physiological requirements for botulinum toxin to be
effective. This includes the binding of the heavy chain to the
cell surface receptor, endocytosis, channel formation, conduct-
ance of the light chain into the cytosol, refolding of the light
chain, proteolytic cleavage of the target protein SNAP-25 and
the failure of neuromuscular transmission. Each of these sub-
steps may influence the overall efficacy of botulinum toxins
(Schiavo et al., 2000). Therefore, the capability of our cellu-
lar assay to monitor holotoxin activity is clearly an advantage
over other assays measuring only one property of botulinum
neurotoxin A toxicity, such as the cleavage of SNAP-25.

The results of the present study are in accordance with pre-
vious reports that primary cultures of neurons isolated either
from the spinal cord or from the dorsal root ganglia are quite
sensitive to botulinum neurotoxins (Keller et al., 1999; Pellett
et al., 2007; Sheridan et al., 2005; Welch et al., 2000). In these
investigations the potency of botulinum toxin A was quan-
tified by Western blot analysis of the cleaved target protein
SNAP-25 or by probing the amount of neurotransmitter that
is released in response to a membrane depolarization caused
by raising the extracellular concentration of potassium ions.
However, in the spinal cord, different neurons synthesize and
release various neurotransmitters such as GABA, glycine,
glutamate and acetylcholine. The study of Bigalke and co-
workers showed that different spinal neurons are not equally
sensitive to botulinum toxins. This raises the question, how
these dissimilar actions on GABAergic, glycinergic, glutama-
tergic and cholinergic synapses can be explained on a molecu-
lar level (Bigalke et al., 1985). This question clearly remains
to be addressed in further investigations. As muscle activity
in nerve-muscle cultures depends on neuromuscular transmis-
sion, it is quantitatively linked to the amount of acetylcholine
released by spinal motor neurons onto muscle cells. Thus it is
likely that the decrease in muscle activity induced by botuli-
num toxin A as observed in the present study predominantly
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reflects a diminished release of the neurotransmitter at cholin-
ergic synapses.

Another distinctive feature of organotypic nerve-muscle cul-
tures as compared to other cell culture approaches may result
from the involvement of intact neuromuscular synapses that
are subject to the actions of botulinum toxins. From studies
on muscle-relaxant agents it is well known that blockade of at
least 75% of postsynaptic nicotinic acetylcholine receptors is
required to produce signs of muscle relaxation in humans and
animals (Jonsson et al., 2006; Tuba et al., 2002). This finding
suggests that incomplete cleavage of SNAP-25, e.g., by low
concentrations of botulinum toxin A, is detected by Western
blot analysis, but may not translate into a decrease in muscle
tone. To date, we do not know how the cleavage of the target
protein and the dysfunction of the neuromuscular synapse re-
late to each other in quantitative terms. Thus, assays containing
intact neuromuscular synapses, such as the nervus phrenicus
diaphragm preparation and nerve-muscle cultures provide a
more relevant outcome than assays that simply measure cleav-
age of SNAP-25, as only the former methods monitor the pa-
tient-relevant endpoint, i.e., muscle relaxation.

4.2 Actions of botulinum toxins at

the neuromuscular junction

Depending on the medical condition, the recommended dosage
of incobotulinumtoxin A ranges between 12.5 and 200 mouse
LDso units. We observed that therapeutically relevant concentra-
tions of the neurotoxin caused a significant reduction of muscle
activity in nerve-muscle cultures within 24 h (Fig. 4). This ef-
fect persisted for at least 72 h. Interestingly, incobotulinumtoxin
A strongly reduced the frequency of muscle contractions but
without causing complete failure of muscle activity. Is the latter
observation consistent with the molecular actions of botulinum
toxin A? In an elegant study Capogna and coworkers analyzed
the actions of several botulinum neurotoxins on neurotransmit-
ter release (Capogna et al., 1997). In this investigation, hippo-
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campal tissue cultures were incubated with a high dose of botu-
linum neurotoxin A of 50-100 ng/ml for more than two days in
order to achieve complete cleavage of SNAP-25. As expected,
action potential dependent and independent neurotransmitter re-
lease was greatly reduced in slices exposed to botulinum toxin
A. However, synaptic transmission was partly rescued by in-
creasing the extracellular concentration of Ca?*-ions. Moreover,
transmitter release was observed in toxin-treated cultures during
repetitive firing of presynaptic neurons, a condition of neuro-
nal activity associated with a high concentration of Ca**-ions in
presynaptic terminals. The conclusion that blockade of synaptic
transmission by botulinum toxin A is overridden by high Ca?*
is also backed by in vivo studies and by investigations using the
nervus phrenicus diaphragm preparation (Burgen et al., 1949;
Cull-Candy et al., 1976; Humeau et al., 2000). In summary, the
results of the present study, namely that incobotulinumtoxin A
reduced muscle activity to a large extent, but did not completely
abolish muscle contractions, is clearly in accordance with the
reported effects of botulinum toxin A as observed in several ex-
perimental preparations.

4.3 Current limitations of nerve-muscle cultures
in neurotoxin potency testing
A major limitation of nerve-muscle cultures to be used in neu-
rotoxin potency testing is the high degree of variability apparent
in our dataset. There are multiple possible sources that may ac-
count for the variability in our read-out parameter, exemplified
in Figure 6. First, muscle activity is predominantly triggered
by ongoing spontaneous action potential firing of spinal motor
neurons. However, the number of action potentials generated by
these neurons per second may vary between a few and hundreds
of events. Thus, recording activity for a short period of time (a
few min), as performed in our study, does not provide a good
estimation of the average activity over much longer intervals
(several h), especially when gaps between subsequent record-
ings are as large as 24 h. On the other hand, longer recording pe-
riods than used in this study would decrease the number of cul-
tures that can be analyzed per day. Another source of variability
is provided by actions of botulinum toxin at synapses between
spinal neurons. In the present work we eliminated glutamater-
gic synaptic transmission by applying specific blockers. How-
ever, actions of botulinum toxin at GABAergic or glycinergic
synapses between spinal neurons are still likely to happen and
will alter the firing rates of motor neurons. And, finally, it seems
well possible that a small group of muscle fibers autonomously
generates muscle contractions in the absence of presynaptic sig-
naling. This population is expected to be resistant to botulinum
neurotoxins and thus will increase variability in our datasets.
The use of stimulus-induced instead of spontaneous muscle
contractions provides a possible solution to overcome these
problems. In a stimulus-based bioassay, muscle activity is
evoked by forcing motor neurons to generate action potentials,
either by applying short electric current or voltage pulses or by
using optogenetic methods. Although technically challenging,
this option is promising because it opens ways to eliminate data
variability introduced by all sources discussed above.
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