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Abstract

Botulinum neurotoxins (BoNTS) are potent neurotoxins and are the causative agent of botulism, as
well as valuable pharmaceuticals. BoNTs are divided into seven serotypes that comprise over 40
reported subtypes. BONT/AL and BoNT/B1 are currently the only subtypes approved for
pharmaceutical use in the USA. While several other BoNT subtypes including BoNT/A2 and /A6
have been proposed as promising pharmaceuticals, detailed characterization using /n vivo assays
are essential to determine their pharmaceutical characteristics compared to the currently used
BoNT/Al and /B1. Several methods for studying BoNTs in mice are being used, but no objective
and quantitative assay for assessment of functional outcomes after injection has been described.
Here we describe the use of CatWalk XT as a new analytical tool for the objective and quantitative
analysis of the paralytic effect after local intramuscular injection of BONT subtypes Al, A2, A6,
and B1. Catwalk is a sophisticated gait and locomotion analysis system that quantitatively
analyzes a rodent’s paw print dimensions and footfall patterns while traversing a glass plate during
unforced walk. Significant changes were observed in several gait parameters in mice after local
intramuscular injection of all tested BoNT subtypes, however, no changes were observed in mice
injected intraperitoneally with the same BoNTs. While a clear difference in time to peak paralysis
was observed between BoNT/AL and /B1, injection of all four toxins resulted in a deficit in the
injected limb with the other limbs functionally compensating and with no qualitative differences
between the four BoNT subtypes. The presented data demonstrate the utility of CatWalk as a tool
for functional outcomes after local BoNT injection through its ability to collect large amounts of
quantitative data and objectively analyze sensitive changes in static and dynamic gait parameters.
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Introduction

Botulinum neurotoxins (BoNTSs) are potent, naturally occurring toxins produced primarily
by the gram-positive, spore forming bacterium Clostridium botulinum. BoNTs cause the
long-lasting and potentially fatal paralytic disease botulism (Johnson and Montecucco,
2008). On the other hand, BoNTSs are also widely used pharmaceuticals that have proven
valuable in cosmesis and for alleviating debilitating symptoms of several neurological
conditions (Dressler, 2012, 2016; Dressler et al., 2018). While BoNTs comprise a large
family of protein toxins with seven immunologically distinct serotypes and over 40 reported
subtypes (Gimenez and Gimenez, 1995; Hill and Smith, 2013; Hill et al., 2015; Montecucco
and Rasotto, 2015; Peck et al., 2017), only two BoNT isotypes are currently being employed
as pharmaceuticals: BONT/A1 and BoNT/B1. Many BoNT subtypes have not been purified
from their native hosts to allow detailed explorations of their characteristics and
pharmaceutical properties. This is mainly due to the strict regulatory restrictions for
producing and handling of BoNTs and C. botulinum, which are category A Tier 1 Select
Agents because of their potential misuse as bioterrorist weapons. However, in recent years
advances in genetic and molecular methods have allowed production and purification of
several novel BoNT subtypes as well as recombinant mutated BoNTSs, and subsequent
functional characterizations. Limited functional studies conducted mostly on BoNT/A
subtypes have suggested functional differences between the subtypes, with variations in
potency, cell entry kinetics, onset and duration of action, and symptoms in mice.>8 In
particular, two BoNT/A subtypes, BONT/A2 and BoNT/A6, have been found to have
properties that may be beneficial for pharmaceutical use, such as greater potency in cultured
neurons including human neurons, faster neuronal cell entry kinetics, and less systemic toxin
spread after local intramuscular injection in mice (Akaike et al., 2013; Kroken et al., 2017;
Mukai et al., 2014; Pellett et al., 2015; Pier et al., 2011; Shin et al., 2013; Torii et al., 2011a;
Torii et al., 2014; Torii et al., 2011b; Whitemarsh et al., 2013). Since pharmaceutical BoNTs
are injected locally, an essential aspect of evaluating novel BoNTs as potential
pharmaceuticals is the functional analysis in animal models injected locally with the BoNTSs.
Examining /n vivo distribution of BoNTSs presents a challenge due to the high potency of
these toxins, which results in extremely low amounts of toxin present in cells and in animal
circulation and neurons, which limits direct detection of the BoNTs. Consequently, current
in vivo models to evaluate pharmacologic properties of BoNTs after local injection are
limited to only a few models that examine electrophysiological or functional parameters of
BoNTSs. Currently employed rodent BoNT assays include the mouse bioassay to determine
potency (Hatheway, 1988; Schantz and Kautter, 1978), the DAS assay to determine local
paralysis after intramuscular injection (Broide et al., 2013; Pellett et al., 2015; Sugiyama et
al., 1975), the rotarod or voluntary wheel running to determine systemic motor-neuron
deficiency after local injection (Keller, 2006; Pellett et al., 2015), local electrophysiological
measurements (Kim et al., 2013; Mukai et al., 2014; Torii et al., 2014), and grip-strength
assays (Torii et al., 2011b).

In an effort to objectively analyze the functional impact of locally injected BONTSs on
locomotion and gait in mice, we examined the use of CatWalk XT as a new functional
analytical tool. The CatWalk system is a sophisticated locomotor analysis tool capable of
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analyzing over 50 specific parameters related to paw prints and gait of the animal.
Parameters are divided into several major categories: paw statistics, step sequence, base of
support, print positions, phase dispersions, couplings, support, and other statistics. Catwalk
XT has been employed and verified for studying several conditions in rodent models
including arthritis (Masocha and Parvathy, 2009; Parvathy and Masocha, 2013), peripheral
nerve damage (Bozkurt et al., 2008), spinal cord injury (Chen et al., 2014; Hamers et al.,
2006), Parkinson’s (Frohlich et al., 2018), multiple sclerosis (Herold et al., 2016), and stroke
(Caballero-Garrido et al., 2017; Cao et al., 2017). Such previous work has shown detectable
differences in parameters such as intensity, print area, swing duration, and stance duration.
These studies have demonstrated the CatWalk system’s ability to analyze various
neurological conditions including predicting the onset of multiple sclerosis and observing
the benefits of acupuncture on improvement of gait parameters after ischemic stroke.
However, to our knowledge, CatWalk has not been previously used for the analysis of
pathological or pharmacologic properties of any toxins including BoNTSs, or for the analysis
of local paralysis such as following intramuscular BoNT injection.

In this project, Catwalk XT was used to examine whether BONT/A1, A2, A6 and B1 resulted
in measurable variations in local and systemic functional activity after local intramuscular
injection. Several differences among these BoNT sero- and subtypes have been previously
described in mice using other analytical methods, as well as in neuronal cell models and /in
vitro (Akaike et al., 2013; Arndt et al., 2006; Benoit et al., 2017; Bradshaw et al., 2014; Kalb
et al., 2014; Kalb et al., 2012; Kalb et al., 2009; Koizumi et al., 2014; Kroken et al., 2017;
Kull et al., 2015; Ma et al., 2012; Moritz et al., 2018; Mukai et al., 2014; Pellett et al.,
2018a; Pellett et al., 2016; Pellett et al., 2018b; Pellett et al., 2015; Pier et al., 2011,
Przedpelski et al., 2018; Shin et al., 2013; Tepp et al., 2012; Torii et al., 2011a; Torii et al.,
2011b; Wang et al., 2013; Whitemarsh et al., 2013; Whitemarsh et al., 2014). BONT/Al

and /B1 are currently being used as pharmaceuticals. In human botulism cases, BONT/B1
and BoNT/A1 both primarily affect the peripheral nervous system, while anecdotal evidence
indicates that botulism caused by BoNT/B1 affects the autonomic nervous system to a
greater extent than BoONT/A1 (Johnson and Montecucco, 2008). Comparisons of
pharmaceutical uses of BONT/A1 and /B1 suggest that both toxins result in local paralysis
after intramuscular injection, but that BONT/B1 may have slightly greater effects on
autonomic functions such as sialorrhea or hyperhidrosis (Bentivoglio et al., 2015; Duarte et
al., 2016). BoNT/A2 and /A6 have been shown to enter cells faster and more efficiently than
Al (Moritz et al., 2018; Pier et al., 2011), while A2 is currently being investigated in clinical
trials in Japan and A6 has recently been suggested as a potential new pharmaceutical.

Based on this previous work, it has been hypothesized that BONT/A2 and /A6 enter neurons
at the injection site faster and may therefore be more effective at lower concentrations.
Objectively detecting the subtle functional impact in mice at low toxin concentrations can be
difficult with current techniques. This study uses the comprehensive CatWalk XT analysis
software in parallel with DAS and Rotarod to directly compare previously utilized methods
and supply functional data that have previously not been obtained in BoNT research. The
data presented suggest that all four toxin types similarly paralyzed the injected limb with no
functional decline in all other limbs but instead compensatory behavior. Nerve functional
indices indicated that the peroneal nerve is predominantly affected after intramuscular
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injection into the lateral head of the gastrocnemius muscle, with BONT/A2 and A6
appearing to have less of an effect on the tibial nerve relative to their effect on the peroneal
nerve compared to BONT/AL. Overall, the data suggest that CatWalk is a sensitive,
quantitative, and objective tool useful for analyzing the local paralysis of mice injected
intramuscularly with botulinum neurotoxin.

Materials and Methods

Biosafety and biosecurity.

The Johnson laboratory and personnel are registered with the Federal Select Agent Program
for research involving botulinum neurotoxins (BoNT) and BoNT-producing strains of
clostridia. The research program, procedures, documentation, security, and facilities are
monitored by the University of Wisconsin-Madison Biosecurity Task Force, the University
of Wisconsin-Madison Office of Biological Safety, the University of Wisconsin Select Agent
Program, and the Centers for Disease Control and Prevention (CDC) as part of the
University of Wisconsin-Madison Select Agent Program. Personnel have undergone
suitability assessments and completed rigorous and continuing biosafety training, including
biosafety level 3 (BSL3) or BSL2 and select agent practices, before participating in
laboratory studies involving BoNTs and neurotoxigenic C. botulinum. All animal
experiments have been approved by the University of Wisconsin IACUC.

The CatWalk system.

The CatWalk XT version 10.6 (Noldus Information Technology) was used as a quantitative
gait analysis system that allows for the objective analysis of static and dynamic gait
parameters in mice or rats (Koopmans et al., 2007). The system does this using a unique
footprint technology. Animals traverse a glass plate within which a green light is emitted and
internally reflected. When the animals make contact with the glass plate, the green light is
refracted. An increase in weight put on a certain area of a paw results in an increase in
brightness of the green light. These images are captured by a high speed camera from
underneath the glass plate. These resulting footprints are identified and analyzed using the
accompanying hardware of the CatWalk system (Kappos et al., 2017).

Training mice on CatWalk.

Mice were marked for identification and began training on the CatWalk approximately 1
week prior to injections. A minimum of two training sessions were conducted each day and
complexity of training increased with each day. At first, mice were placed on the walkway
and allowed to freely move around for a few minutes to become familiar with the new
environment. Next, mice were placed on the CatWalk, and once they traversed the entire
glass plate to the other end and entered the ‘goal box’ or were manually placed into the ‘goal
box’, they were then placed back into their home cage. For the initial sessions of training,
each mouse had to make an uninterrupted run from one end to the other before it was placed
back in its home cage. The final sessions required each mouse to complete 3 successful,
uninterrupted runs to go back to its cage. To promote the association between being in the
goal box and getting to go back into the home cage, throughout all training sessions, mice
were allowed to enter the goal box at the end of the walkway before going back into their
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home cage. If an animal was hesitant to enter the goal box, it was picked up and placed in it
followed by placement into its home cage.

Botulinum neurotoxins.

BoNTs /AL, /A2, /A6, and /B1 were purified from C. botulinum strains Hall A-hyper,
Kyoto-F, CDC41370B2!%- and OkraB as previously described (Lin et al., 2010; Malizio et
al., 2000; Moritz et al., 2018; Prabakaran et al., 2001). The purity of the toxins was
confirmed by spectroscopy and SDS-PAGE as previously published (Moritz et al., 2018;
Prabakaran et al., 2001; Wang et al., 2013).The purified toxins were stored in 0.1 M sodium
phosphate buffer, pH 7 with 40% glycerol at —20°C u ntil use. The specific activity of each
subtype preparation was determined using an intraperitoneal mouse bioassay (MBA) as
previously described (Hatheway, 1988; Schantz and Kautter, 1978). The specific activities of
the BoNTs in mice were 5.6 pg/LDsqg (Al), 3.5 pg/LDsg (A2), 5.9 pg/LDsgq (A6), and 4.2
pg/LDso (B1).

Hind limb injections for CatWalk analysis.

Toxin dilutions were prepared in Gelatin Phosphate buffer (GelPhos) (30 mM sodium
phosphate [pH 6.3] and 0.2% gelatin). Each toxin was first diluted to 300 U / ml, and further
dilutions were prepared from this working stock for intramuscularly (1IM) and
intraperitoneally (IP) injections. For the IM injections, the toxin was further diluted to 45
U/1ml,15U/1ml,5U /1 ml, and 1.7 U/1 ml in serial dilution steps. An equal volume of
GelPhos buffer was used for the negative control (mock-injected control mice). Using a 0.3
cc insulin syringe (BD) with 5 ul markings, mice were injected IM with 10 pl of diluted
BoNT/AL, A2, A6, or B1 in GelPhos buffer into the right gastrocnemius muscle. For parallel
IP injections to confirm the toxin dose, the 300 U / ml working stocks were diluted to 30
U/5ml,15U/5ml,and 7.5 U /5 ml. Groups of 3 mice were injected IP with 0.5 ml of
each dilution using a 0.5 cc insulin syringe (BD). The mice injected IP were used to perform
a mouse bioassay (MBA) to confirm the toxin doses injected IM as previously described.
Mice injected IM were analyzed by CatWalk as well as by observing the digit abduction
score (DAS). A group of 5 mice injected IM with 10 ul of GelPhos were analyzed with
CatWalk to serve as a negative control.

Intraperitoneal injections for CatWalk analysis.

Toxin dilutions were prepared in GelPhos buffer. Using a 0.5 cc insulin syringe, groups of 5
mice were injected IP with 2-fold serial dilutions of either BONT/A1 or BoNT/B1, ranging
from 3.2t0 0.1 U in 0.5 mL GelPhos buffer. Symptoms in mice injected with 0.8 U or lower
were analyzed on the Rotarod and CatWalk at the indicated time points through 4 days post-
injection. The mice injected with toxin concentrations greater than 0.8 U were observed for
survival to verify toxin doses injected. A separate group of 5 mice injected with 500 pl of
GelPhos (no toxin) were analyzed with CatWalk to serve as a negative control.

CatWalk setup and use.

In the experiment settings of the Catwalk analysis hardware, mice were selected as the
animal species. A total of 6 time points were entered, and treatment groups were defined.
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The minimum number of compliant runs to acquire was set to 3. Prior to collecting data for
each time point, trial lists were created and given the proper animal assignment.

All data collection was performed in a dark room. The glass walkway was cleaned and a
background image was captured before each trial was collected. Additionally, the walkway
was cleaned if a mouse left behind feces or urine but had yet to complete all 3 of the
required runs. In this case, acquisition was stopped for cleaning, a new background image
was obtained, and the acquisition was restarted. Runs were deleted manually if they were
accepted as compliant during acquisition but the mouse made a prolonged pause on the
walkway. Additionally, runs were deleted if a mouse changed directions during the run.

Five mice per group were analyzed at each time point, with each mouse completing 3 runs
per time point. Each mouse was analyzed at 0 h (before injection), 4 h, 24 h, 48 h, 72 h, and
96 h post injection. The green intensity threshold was optimized for each run. Paw prints
were then identified using the automatic footprint classification function. Sections of run
footage were eliminated from analysis if the mouse paused during the run. All prints were
verified by visually inspecting the automatically assigned labels, and any errors and
unidentified prints were manually corrected. Non-automated measurements were performed
by hand (toe spread, intermediate toe spread, and manual print length). All parameters were
then statistically analyzed using the built-in software, and graphs of the results were
produced. Results were divided into categories based on the specific parameter measured:
paw statistics, step sequence, base of support, print positions, phase dispersions, couplings,
support, and other parameters.

Digit abduction scoring (DAS).

Local paralysis of the same mice analyzed by Catwalk was additionally observed with the
digit abduction scoring (DAS) system. At the indicated time points, mice were briefly
suspended in the air by the tail and the toe spread of the injected limb was rated on a 0-5
scale as previously described (Pellett et al., 2015). The DAS value was always determined
before the CatWalk runs.

Rotarod training and analysis.

For mice that were injected IP, overall motor-neuron deficiency was examined by Rotarod as
previously described (Pellett et al., 2015). While being trained on the CatWalk, mice were
simultaneously trained on the Rotarod. Sorting of mice was initially done to separate runners
from non-runners. Once groups were established, the mice ran on the Rotarod several times
each day before analysis began. Mice ran for 5 minutes with the rod increasing in speed
from 4 to 40 rpm. Any mice that fell off during training were placed back on the Rotarod to
complete the session.

At the indicated times, groups of 5 mice were placed on the Rotarod. Mice attempted to
complete a 5 min run with the rod increasing in speed from 4 to 40 rpm. Averages and
standard deviations of Rotarod times for each group were calculated in Excel.
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The CatWalk system automatically generates run, trial, and group statistics along with
corresponding graphs of the data of runs for each group based on the footprint classification.
The generated spreadsheet and graphs display the averages and standard error of the mean of
each trial at each time point for each treatment group. To determine statistical relevance of
the various parameters, the averages of all 3 runs of the 5 mice per group (15 runs total) at
48 h post injection were compared to those of the runs from the same mice before injection
in a pairwise two-tailed t-test. Post-treatment differences with p-values below 0.05 were
considered statistically relevant.

Rotarod and DAS data were both analyzed in Excel. Averages and standard deviations of
data of each treatment group at the indicated time points were calculated. Graphs were
prepared in Excel using these data.

Intramuscular sub-lethal doses of BONT/A1, /A2, and /A6 result in similar local paralysis as
measured by DAS.

Mice were injected with sub-lethal concentrations of each BoNT (0.45 U, 0.15 U, 0.05 U,
and 0.017 U), and in parallel a ‘mini-titer’ of the same toxin dilutions was conducted by
mouse bio-assay to confirm the toxin dose. The results of the mini-titers showed that the
dose for BONT/A2, A6, and B1 was within the normal error range of the mouse bioassay,
whereas the result for BONT/A1 was ~1.7-fold lower than expected, indicating that slightly
more BoNT/A1 was injected locally into mice (Table 1). In addition, the BONT/A1 injected
mice appeared to have more systemic symptoms at the highest toxin dose compared to
BoNT/A2 and /A6 injected mice. To examine local paralysis after intramuscular injections
with low concentrations of BONTs/AL, /A2, /A6, or /B1, the DAS of the injected limb was
observed through 4 days post-injection (Fig. 1). As described in previous studies,13 the DAS
results were similar for all three BONT/A subtypes and reached their maximum at about 48 h
after injection. BONT/B1 injected mice had a slower onset of maximum local paralysis and
reached a peak DAS around 3 days post-injection. Additionally, the maximum DAS score
for mice injected with BONT/B1 was slightly lower compared to mice injected with the
BoNT/A subtypes (~3.3 versus ~4-4.5).

Local intramuscular injection of BONTs Al, A2, A6, and B1 results in the same overall
pattern of static and dynamic paw functions.

The same mice that were observed for local paralysis by DAS were also analyzed by
CatWalk at the same time points.

IM injections of all BoNTs (A1, A2, A6, and B1) resulted in significant changes in several
static and dynamic paw parameters, with a maximum effect observed at 48 h for BONT/A1,
A2, and A6, and 72 h for BoNT/B1 (suppl. Fig 1-4). In order to determine which parameters
were affected by all four toxin types tested, the increase or decrease of function for all
parameters at 48 h versus 0 h was determined. This was achieved by setting the average
values of pre-injection mice (5 mice per group, 3 runs per mouse) to 100% function, and
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determining the change in the same animals, respectively, at 48 h post injection. None or
only minor changes were observed in mock-injected control mice, confirming that the
needle stick and vehicle infection had no functional impact on the animals at 48 h post
injection. A clear pattern of statistically significant changes in functional parameters was
observed that was similar for all four toxin types (Fig. 2, see suppl. Table 1 and 2 for
definitions of the parameters). Among the impacted static paw parameters, most measured
parameters were significantly changed in the injected hindlimb in a dose dependent manner,
with stand index, maximum contact, print width and area, swing and swing speed, and single
and initial dual stance being the most affected. Several of the parameters that were decreased
in the injected hindlimb were increased in the contralateral hindlimb, although to a lesser
extent, indicating functional compensation by the contralateral limb (supplementary Figures
1-4). The decrease in print width, print area, maximum contact area, and maximum and
mean intensity of the maximum contact area of the right hind paw correlated with the
increase observed in DAS (Fig. 1). There were no major changes in these parameters in the
front paws. Alterations in print length, time spent on a paw (stand), and time after maximum
contact of a paw (max contact at %), on the other hand, were more variable and did not
correlate to toxin dose for all toxins used, although a trend for a shorter time spent on the
injected paw and correspondingly greater time spent on the contralateral paw was noted.

Changes in dynamic paw parameters were also observed for mice injected with BoNTs. One
of the most significant changes was observed in the swing speed of the hind paws. Similar to
the static paw parameters, a dose-dependent decrease in the swing speed and increase in
swing duration of the injected limb was seen for all four BONT subtypes, whereas a
corresponding increase in swing speed and decrease in swing duration was observed for the
contralateral hind leg. The ipsilateral front leg also showed a somewhat milder increase in
swing speed and decrease in swing duration, indicating further compensatory behavior by
the right front leg and limping of the animals. While the duration of ground contact of the
right hind paw (single stance) decreased in a dose dependent manner, the duration of ground
contact of the contralateral un-injected paw increased correspondingly. Other dynamic paw
parameters including initial and terminal dual stance (ground contact of both hind paws), as
well as body speed and variations in body speed, varied markedly with over 2.5 fold
decreases or increases, but the changes were not consistently toxin dose dependent. Overall,
at 48 h post IM injection, BONT/AL, /A2, /A6, and /B1 resulted in a similar dose dependent
reduction in injected paw contact area, intensity, and time as well as reduced swing speed,
with a corresponding but milder increase in paw contact area, intensity, and time as well as
increased swing speed of the contralateral hindleg. No significant changes were observed for
the front paws.

Local intramuscular injection of BONTs Al, A2, A6, and B1 results in the same overall
pattern of gait parameters measured by Catwalk.

The impact of IM BoNT injections on static and dynamic paw parameters also resulted in
alterations in interlimb coordination parameters, affecting the gait of the animals (Fig. 3 and
suppl. Fig 1-4). While no significant changes were observed for each BoNT in the step
sequence, average speed, total number of steps, or contact with body parts other than the
paws, significant changes were observed for phase dispersions and couplings that involved
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the right hind paw. The overall pattern of these changes was similar for all four BoNTs
tested (Fig. 3). Phase dispersion and couplings both measure inter-paw coordination by
measuring the moment of initial contact of a target paw expressed as a percentage of the step
cycle time of an anchor paw (phase dispersion) or the temporal relationship between
placement of two paws within one step cycle (couplings). The greatest difference was
observed for the interlimb coordination of the left front paw with the injected right hind paw,
with over 2.5-fold increases at the highest toxin dose. However, the most consistent and dose
dependent increase was observed for the right front-right hind leg coordination, although the
fold difference was much less, up to 1.5 fold. Interlimb coordination parameters that did not
include the injected limb did not exhibit significant changes. For the whole animals,
diagonal support was decreased, whereas lateral support was increased. However, no clear
toxin-dose response could be observed for these parameters. The overall pattern of changes
in interlimb coordination further supports a limping of the right hindlimb with compensatory
behavior of the right forelimb and left hindlimb.

BONT/A2 and /A6 appear to have less distal effects than BoNT/Al and /B1

Nerve functional indices (NFIs) are a quantitative measure of specific nerve function.
Formulas to calculate NFIs have been developed for mice and rats based on experiments
measuring foot print patterns following induced nerve damage on specific nerve fibers.
Catwalk determines the nerve functional indices for the peroneal, tibial, and sciatic nerves.
Since manual measurements of the full paw print width and print length are required for
these parameters, this could only be determined for toxin doses low enough to result in full
paw prints. Thus, the NFIs of the right hindleg were determined after injection of 0.15 U,
0.05 U, and 0.017 U of BONT/A1, A2, A6, and B1 (Fig. 4). The peroneal nerve was most
affected for all toxins with a dose-dependent decrease in the peroneal functional index (PFI)
for all toxins. The tibial functional index (TFI) decreased to a lesser extent, and there was no
correlation with increasing toxin dose beyond the 0.05 U dose. As expected, the sciatic nerve
NFI was the average of the NFI of the peroneal and tibial nerve. The dose-adjusted ratio of
the PFI/TFI was greatest for BONT/A2 and BoNT/AB6, and lowest for BONT/B1 (Fig 4),
indicating possible differences in the local distribution of these toxin subtypes after
intramuscular injection. However, further tests are required to evaluate statistical
significance of these results.

Systemic toxicity from intraperitoneal injections of BONTs does not result in altered
CatWalk parameters.

To determine if CatWalk could be used as an analytical tool for the analysis of systemic
symptoms caused by BoNTSs, mice injected IP with either BONT/Al or /B1 (0.1 U - 0.8 U)
were analyzed by CatWalk daily over a 4 day time period (data not shown). No significant
changes were observed in nearly all CatWalk parameters. Only stride length appeared to
decrease after IP injection of only the highest concentration used (0.8 U). Mice injected with
0.8 U of BONT/A1 experienced an approximately 25% decrease in the average stride length
of each paw, while mice injected with 0.8 U of BoNT/B1 experienced an approximately
15% decrease. The impact on stride length was similar for all paws. These data indicate that
the functional parameters measured by Catwalk are not altered by systemic toxicity due to
BoNTSs at sub-lethal doses.
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Discussion

Examining the impact of locally injected botulinum neurotoxins in rodent models has
previously been limited to a few select methods. One of these methods for the analysis of
local paralysis, digit abduction scoring (DAS) (Pellett et al., 2015; Wilder-Kofie et al.,
2011), is subjective and therefore at risk for experimenter bias. A more objective measure is
the grip strength test, but this test suffers from great mouse-to-mouse variability and
habituation, making frequent measurements over a longer time period impractical.
Electrophysiological methods (Mukai et al., 2014; Schulz et al., 2014) can directly assess
neuronal transmission of a specific nerve, but this procedure is laborious, needs specialized
equipment and training, and requires anesthesia of the animals, which makes it impractical
for frequent analysis of multiple animals over a period of several days. Other methods such
as Rotarod (Pellett et al., 2015), treadmill (Tsai et al., 2013), or voluntary wheel running
(Keller, 2006) examine the whole animal rather than local effects. Expansion of
experimental methods that yield consistent, quantitative data on local paralysis of rodent
models would be beneficial to the BoNT research community. CatWalk has been previously
used in other areas of neurological research (Bozkurt et al., 2008; Caballero-Garrido et al.,
2017; Cao et al., 2017; Chen et al., 2014; Frohlich et al., 2018; Hamers et al., 2006; Herold
et al., 2016; Masocha and Parvathy, 2009; Parvathy and Masocha, 2013) and has been
verified as a method for the analysis of rodents with conditions such as spinal cord injury
(Chen et al., 2014; Hamers et al., 2006) and multiple sclerosis (Herold et al., 2016). The use
of this sophisticated piece of technology, however, has not been researched as a possible
analytical tool for peripheral local paralysis in rodents, including after intramuscular
injection of BoNT. The work presented here used CatWalk to quantitatively analyze the
paralytic impact, both locally and systemically, of four different BONT subtypes, BONT/A1,
A2, A6, and B1. BoNT/A1 and /B1 are currently used as pharmaceuticals, and BoNT/A2 is
in clinical trials in Japan. BONT/A6 has been suggested as an alternative pharmaceutical due
its faster and more efficient cell entry (Moritz et al., 2018).

Several parameters were significantly impacted in a dose-dependent manner after local IM
injection of all BoNT subtypes, indicating CatWalk could be reliable for obtaining unbiased,
quantitative data on local paralysis (Fig. 2, 3, suppl. Fig 1-4). Not surprisingly, the
parameters that were most affected were parameters related to the functional use of the paw
of the injected hindlimb including stand index, maximum contact, print width and area,
swing and swing speed, single and initial dual stance, and phase dispersion and coupling
involving the injected hindlimb. The overall pattern of functional defect was similar for all
toxin types examined, except that the maximum effect for BONT/B1 was observed a day
later than for BONT/AL, A2, and A6. Previous studies have shown faster and more efficient
cell entry by BoNT/A2 and A6 compared to Al (Kroken et al., 2017; Moritz et al., 2018;
Pier et al., 2011; Whitemarsh et al., 2013), and indicated an earlier onset of paralysis in mice
after local injection (Moritz et al., 2018; Pellett et al., 2015; Torii et al., 2011b). In this study,
not enough time points were analyzed to either confirm or contradict these observations, as
the main focus was on analyzing the functional patterns in mice injected with the tested
BoNTs and the utility of CatWalk as an analytical tool.
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For all BoNTSs tested, the functional defect was only observed in the injected hindlimb, and
in fact, the contralateral hindlimb showed functional compensation. This was observed even
at the highest toxin dose of 0.45 U, at which some minor systemic symptoms were evident,
indicating that some of the toxin had spread away from the local injection site. In recent
years, several research groups have demonstrated spread of BoNTs from the injection site by
retrograde transport or diffusion through the tissue and transport in body fluids (Alexiades-
Armenakas, 2008; Antonucci et al., 2008; Cai et al., 2017; Filipovic et al., 2012; Koizumi et
al., 2014; Lawrence et al., 2012; Matak et al., 2012; Mazzocchio and Caleo, 2015;
Ramachandran et al., 2015; Restani et al., 2011; Restani et al., 2012a; Restani et al., 2012b;
Simpson, 2013). The data presented here indicate that at physiologically relevant
concentrations to cause local paralysis after peripheral intramuscular injection, even within
the high end of the dose range, the functional effects remain localized. This was emphasized
even more by analysis of the nerve functional indices for the peroneal and tibial nerve
branches (Fig. 4). For all toxins, the peroneal nerve was affected to a greater extent than the
tibial nerve, which is likely due to the BoNTSs being injected laterally into the apical part of
the gastrocnemius muscle, thus closer to the peroneal nerve. The dose-adjusted ratio of
peroneal versus tibial functional nerve index was greater for BONT/A2 and A6 compared to
BoNT/AL, and greater for all BONT/A subtypes compared to BoNT/B1. This indicates
potentially lower functional effects away from the injection site for BONT/A2 and /A6,
which would be consistent with previous observations (Moritz et al., 2018; Mukai et al.,
2014; Pellett et al., 2015; Torii et al., 2011a; Torii et al., 2014; Torii et al., 2011b;
Whitemarsh et al., 2013). However, the nerve functional indices were also toxin dose
dependent, and small differences in the toxin dilutions could alter the results. Even though
this study controlled for small errors in dilution by calculating a dose adjusted PFI/TFI ratio,
the mouse bioassay itself has a relatively large error and thus further repeat analyses will be
required to examine statistical relevance of these results.

While the presented results suggest CatWalk as a useful tool to examine functional defects
over time after local injection with BoNTSs, results from studies of intraperitoneal injections
with BoNT/A1 and /B1 indicated that CatWalk is likely not a useful tool to reliably quantify
symptoms caused by IP injected BoNTs. The range in mice that causes symptoms but does
not kill mice or completely prevents walking across the CatWalk is very narrow, and within
this range no major changes were observed.

There are several obstacles to overcome when using the CatWalk system. As with other
methods assessing local effects of BoNTSs in mice, one difficult aspect is the narrow range of
toxin that can be injected. In such a small animal, the amount of toxin injected quickly
changes from having little to no systemic effects to being lethal (Torii et al., 2014).In this
study, extra sets of mice were injected with the same dilutions IP to confirm the toxin dose
(Table 1). One consideration for continued research would be to consider using rats instead
of mice to get a larger concentration range for analysis. This would allow for an increased
possibility to observe variations among subtypes. Another difficulty with this analytical
system is the amount of time required to collect and analyze data and ensure enough time
points and runs are collected to reveal representative data. Due to the complexity of the
system and the amount of time required to train animals, perform experiments, and analyze
the data, we would primarily recommended this analysis for focused experiments using up to
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a moderate number of animals. Finally, the data analysis software of the CatWalk system
provides graphs of the mean and standard error of the mean for each group of mice as well
as for each individual mouse, but no statistical test is included. Since the individual values
for footprints of each run of each mouse are not accessible, it is difficult to evaluate
statistical significance of the data. In this study we used a statistical assessment (by a paired
student’s t-test) of the mean values of each mouse per group (n=5) before and after injection.
However, this method was not considering the variations in footprints within and between
runs. Future improvements of the software associated with the CatWalk system would
improve such analyses.

Based on our findings, CatWalk is effective, quantitative, and objective at detecting static
and dynamic paw parameters as well as gait parameters impacted by the injection of BoNTs
in mice. CatWalk may be a beneficial addition to studies on BoNTs when quantitative data is
desired to expand beyond the limitations of other methods for the analysis of local paralysis
and provide a functional assessment observing normal unforced behavior. This method may
be particularly useful to further examine the potency, first onset, time to maximum onset,
and duration of various BoNT subtypes on motorneuron functioning as well as sensory
functions, and to quantitatively and objectively examine functional effects of novel BoNTs
or homologs. In addition, this method would be a good way to assess the functional impact
after various injection routes and methods. Finally, Catwalk analysis is being employed to
study several conditions in rodent models including arthritis (Masocha and Parvathy, 2009;
Parvathy and Masocha, 2013), peripheral nerve damage (Bozkurt et al., 2008), spinal cord
injury (Chen et al., 2014; Hamers et al., 2006), Parkinson’s (Frohlich et al., 2018), multiple
sclerosis (Herold et al., 2016), and stroke (Caballero-Garrido et al., 2017; Cao et al., 2017).
For many of these conditions, symptoms can be alleviated with local BoNT treatment (Bach-
Rojecky et al., 2010; Brashear, 2010; Brown et al., 2014; Cameron et al., 2014; Dressler et
al., 2018; Fabregat et al., 2013; Marchand-Pauvert et al., 2013; Singh and Fitzgerald, 2011).
It would be great interest to utilize Catwalk to study the effects of BONT treatments in
rodent models of these conditions on gait of the treated animals.
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Highlights:

CatWalk gait analysis quantitatively determined functional changes in mice
injected in the gastrocnemius muscle with BoNT/A1, /A2, /A6, or /B1.

Injection of BoNTs Al, A2, A6, and B1 resulted in a similar overall pattern of
static and dynamic paw functions.

BoNT/A2 and /A6 appeared to have less distal effects than BONT/Al and /B1
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All work described in this manuscript was approved by the University of Wisconsin-
Madison Institutional Biosafety Committee.

The Johnson laboratory and personnel are registered with the Federal Select Agent
Program for research involving botulinum neurotoxins (BoNT) and BoNT-producing
strains of clostridia. The research program, procedures, documentation, security, and
facilities are monitored by the University of Wisconsin-Madison Biosecurity Task Force,
the University of Wisconsin-Madison Office of Biological Safety, the University of
Wisconsin Select Agent Program, and the Centers for Disease Control and Prevention
(CDC) as part of the University of Wisconsin-Madison Select Agent Program.

All animal experiments were approved by and conducted according to guidelines by the
University of Wisconsin Animal Care and Use Committee.
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Figure 1: DAS of mice injected intramuscular with BoNT/A1, A2, A6, or B1.
Serial dilutions of BONTs Al, A2, A6, or B1 in GelPhos buffer were injected into the

gastrocnemius muscle of mice (n=5) at the indicated concentrations. The DAS was
determined daily and the average and standard deviation at each day are shown for each
toxin concentration.
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Paw-specific parameters:
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Figure 2: Functional changes in static and dynamic paw parameters in mice after intramuscular
injection with BONT/AL, A2, A6, or B1.

Serial dilutions of BoNTs Al, A2, A6, or B1 in GelPhos buffer were injected into the

gastrocnemius muscle of mice (n=5) at the indicated concentrations. The animals were

analyzed by Catwalk, and the average run values for each mouse at 48 h post injection were

compared to those of the same mouse before injection. The function of each parameter

before injection was set to 100 (%), such that a value smaller than 100 indicates a decrease

in function and a value greater than 100 indicates an increase in function. The average

decrease or increase in function for each limb and for each group of mice is shown. Control
shows the results for the mock-injected mice. Only values that were statistically relevant in a
pairwise two-tailed t-test (p < 0.05) are shown.
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Inter-paw Coordination Parameters:
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Figure 3: Functional changes in gait parameters in mice after intramuscular injection with
BoNT/AL, A2, A6, or B1.

Serial dilutions of BoNTs Al, A2, A6, or B1 in GelPhos buffer were injected into the
gastrocnemius muscle of mice (n=>5) at the indicated concentrations. The animals were
analyzed by Catwalk, and the average run values for each mouse at 48 h post injection were
compared to those of the same mouse before injection. The function of each parameter
before injection was set to 100 (%), such that a value smaller than 100 indicates a decrease
in function and a value greater than 100 indicates an increase in function. The average
decrease or increase in function for each group of mice is shown for each toxin and the
mock injected mice (control). Only values that were statistically relevant in a pairwise two-
tailed t-test (p < 0.05) are shown.
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Figure 4: Nerve functional indices of mice injected intramuscular with BoNT/AL, A2, A6, or B1.

Serial dilutions of BONTs Al, A2, A6, or B1 in GelPhos buffer were injected into the
gastrocnemius muscle of mice (n=5) at the indicated concentrations. The animals were

analyzed by Catwalk, and the nerve functional indices were determined at 48 h. The mean

and standard error of the mean for each group of mice is shown. The figure shows the

injected toxin doses, and the table shows the values at two doses adjusted to the results of
the mini-titer of the injected toxin dilutions (Table 1).
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Specific activity and results of mini-titer of the BoNTs used in this study

Table 1:

BoNT Subtype | Specific activity mLDsg, (pg/U) | Mini-titer mLDsg, (pg/U)
Al 5.6 3.3
A2 35 4.2
A6 5.9 53
B1 4.2 4.5

Toxicon. Author manuscript; available in PMC 2020 September 01.

Page 24



	Abstract
	Introduction
	Materials and Methods
	Biosafety and biosecurity.
	The CatWalk system.
	Training mice on CatWalk.
	Botulinum neurotoxins.
	Hind limb injections for CatWalk analysis.
	Intraperitoneal injections for CatWalk analysis.
	CatWalk setup and use.
	Digit abduction scoring (DAS).
	Rotarod training and analysis.
	Statistics.

	Results
	Intramuscular sub-lethal doses of BoNT/A1, /A2, and /A6 result in similar local paralysis as measured by DAS.
	Local intramuscular injection of BoNTs A1, A2, A6, and B1 results in the same overall pattern of static and dynamic paw functions.
	Local intramuscular injection of BoNTs A1, A2, A6, and B1 results in the same overall pattern of gait parameters measured by Catwalk.
	BoNT/A2 and /A6 appear to have less distal effects than BoNT/A1 and /B1
	Systemic toxicity from intraperitoneal injections of BoNTs does not result in altered CatWalk parameters.

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Table 1:

