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Botulinum toxin type A is used as a therapeutic agent for some spastic neurological
disorders. Type A organisms have been classified into four subtypes (A1 to A4) based on
the amino acid sequence variability of the produced neurotoxin. At present, commercially
available preparations of the toxin belong to subtype A1l. To date, no study has compared
the characteristics of the biological activity of toxins from different subtypes. We
compared the efficacy of A1 toxin (LL toxin or neurotoxin: NTX) with that of A2 toxin (NTX)
employing the twitch tension assay using the mouse phrenic nerve hemidiaphragm and
grip strength test in rats. The inhibitory effects on neuromuscular transmission of A2ZNTX
at pH 7.4 and pH 6.8 were 1.95 and 3.73 times more potent than those of A1LL, respectively.
The 50% effective doses for the administered limb, the dose which caused a 50% reduction
in grip strength, i.e. EDsg, of A1LL, AINTX, and A2NTX were calculated as 0.087, 0.060, and
0.040 U/head, respectively. These doses for the contralateral limb, i.e. TDsg, of A1LL, AINTX,
and A2NTX were calculated as 6.35, 7.54, and 15.62 U/head, respectively. In addition, the
time required for A2NTX-injected rats to recover the grip strength of the contralateral limb
was 17 days, while that for rats injected with A1LL was 35 days. The results indicated that
A2NTX is a more potent neuromuscular blocker than A1 toxins, and suggested that A2NTX
will provide a preferentical therapeutic agent for neurological disorders.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Botulinum toxins act at neuromuscular junctions and
induce muscle relaxation by inhibiting acetylcholine
release. The toxins cause muscle flaccidity, and have been
developed and used as important therapeutic agents for
neurological disorders such as blepharospasm, hemifacial
spasm, and a variety of dystonias (Jankovic, 2004; Sadick,
2003). The toxins are protein complexes, called progenitor
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toxins, containing a 150-kDa neurotoxin (NTX) and non-
toxic components. Type A progenitor toxins are classified by
their molecular weight into three forms: LL toxin, 900 kDa;
L toxin, 500 kDa; and M toxin, 300 kDa (Sakaguchi, 1983).
The M toxin consists of an NTX and a non-toxic component
exhibiting no hemagglutinin (HA) activity (described here
as non-toxic non-HA: NTNH), and L and LL toxins are formed
by conjugation of the M toxin with HA (Montecucco et al.,
1996).

Recently, the amino acid sequences of toxins have been
analyzed, and it has been shown that sequence variability
occurs in NTX (Willems et al., 1993; Franciosa et al., 2004,
2006). Accordingly, type A organisms have been classified
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into four subtypes (A1 to A4) based on the amino acid
sequence variability of NTX (Arndt et al., 2006). Botulinum
toxin type A products used as treatment for neurologic
disorders are LL toxin and NTX, produced by Clostridium
botulinum subtype A1 (A1LL and AINTX) (Dressler and
Benecke, 2007). In Al to A4 toxins, it was reported that
- A1 and A2 toxins showed no difference in mouse lethal
toxicity (Sakaguchi et al,, 1990; Tabita et al., 1991). However,
there has been no report comparing toxin subtypes
regarding their neuromuscular transmission inhibition and
muscle relaxation as medicinal effects.

We purified NTX produced by C. botulinum subtype A2
(A2NTX). A2NTX shares 89% amino acid sequence
homology with AINTX (Willems et al., 1993). In this study,
we compared the efficacy of A2NTX with that of commer-
cial type A toxin products. The in-vitro assay involved
a twitch tension assay using the mouse phrenic nerve
hemidiaphragm, employed to compare neuromuscular
transmission inhibition between A2NTX and A1LL. The in-
vivo assay was a grip strength test involving rats, which was

used to compare muscle flaccid paralysis among A2NTX,

A1INTX, and A1LL.

2. Materials and methods
2.1. Purification of toxins

Botulinum neurotoxins type A (150 kDa, NTX) were
prepared using a modification of a previously reported
method (Sakaguchi et al., 1981). C.botulinum type A strains
62A and Chiba-H, which belong to subtypes Al and A2,
respectively, were cultured in PYG medium containing 2%
peptone, 0.5% yeast extract, 0.5% glucose, and 0.025%
sodium thioglycolate by allowing them to stand at 30 °C for
3 days. M toxin was purified from the culture fluid by acid
precipitation, protamine treatment, ion-exchange chro-
matography, and gel filtration. Each subtype of M toxin was
adsorbed onto a DEAE Sepharose column equilibrated with
10 mM phosphate buffer, and eluted with a 0-0.3 M Na(Cl
gradient buffer for the separation of NTX from the non-
toxic component. The NTXs were stored at —70 °C until use.

For the control, the commercial progenitor LL toxin
(BOTOX®, Allergan Inc., Irvine, US, hereafter A1LL) was
used.

2.2. Experimental animals

Female ICR/CD-1 mice (4 weeks of age, about 20 g,
Charles River Laboratories Japan, Yokohama, Japan), male
ddY mice (5 weeks of age, about 30 g, Charles River Labo-
ratories Japan, Yokohama, Japan), and female S/D rats (8
weeks of age, about 200 g, Charles River Laboratories Japan,
Yokohama, Japan) were used for the LDsq, twitch tension
assay, and grip strength test, respectively. Animals were
maintained under controlled light/dark conditions and had
free access to food and water. This study was performed in
accordance with the guidelines concerning experimental
animals established by the Japanese Pharmacological
Society, and was approved by the Animal Ethics Committee
of our institute.

2.3. Toxin activity (mouse ip LDsp) measurements

The toxin activities of A2NTX, AINTX, and A1LL were
determined employing the mouse intraperitoneal LDsg
method (Pearce et al, 1994), with one mouse ip
LD5p = 1 unit (U). The mouse ip LDsp was determined by
employing an assay involving 7 doses at a dilution interval
of 1.25 and 20 animals per dose. The chosen evaluation
period was the first 96 h after administration, and the LDsq
was calculated using the probit method.

The specific activities of A2NTX and A1NTX were 93 and
63 U/ng of neurotoxin proteins, respectively. That of A1LL is
reported to be about 20 U/ng of the toxin protein complex
based on BOTOX® product information (Allergan Inc., 2010).

2.4. Twitch tension assay (in-vitro test)

The twitch tension assay was conducted as previously
described, with modification (Sugimoto et al., 1992). Phrenic
nerve hemidiaphragm preparations were isolated from ddY
mice, and then transferred to oxygenated (95% O3 + 5% CO2)
Krebs solution of the following composition (mM): NaCl,
124; KCl, 5; KH2PO4,1.24; MgS04,1.3; CaCly, 2.4; NaHCOs3, 26;
glucose, 10; pH 7.4. The costal margin of the muscle was
fixed and the central tendon was connected to a tension
transducer (Nihon Kohden, Tokyo, Japan) by a string. The
preparation was suspended in a glass tissue chamber con-
taining 10 mL of Krebs solution. The phrenic nerve was
connected to a pair of platinum electrodes and stimulated
with supramaximal rectangular pulses of 1V amplitude and
10 ms duration at a frequency of 0.25 Hz. The tension
transducer was connected to an amplifier (Nihon Kohden,
Tokyo, Japan), and the muscle tension was recorded on
paper using a pen recorder (Nihon Kohden, Tokyo, Japan). In
addition, to emulate the possible muscle pH of patients with
spasm, these twitch tension experiments were repeated
under acidic conditions, with the pH brought to 6.8 using
lactic acid (final concentration: 25 mM).

After the twitch tension had become stable, one of the
toxins (diluted with 20 mM Tris-HCl containing
150 mM NaCl and 0.02% bovine serum albumin (pH 7.4 or
6.8)) was applied to the bathing solution, and the reduction
in twitch tension was recorded. After the experiment,
tensions were measured every 4 s from each data record,
and these values were averaged over intervals of 1 min. The
time required for the twitch tension to decline to 1/e of
that observed immediately before toxin application was
calculated.

2.5. Measurement of grip strength (in-vivo test)

We compared flaccid paralysis on the administered or
contralateral side induced by A1LL, AINTX, and A2NTX. The
toxins were diluted two-fold serially to 0.15-2.4 U/mL for
the former or at an interval of 40 U serially to 10-240 U/mL
for the latter with physiological saline containing 0.5%
human serum albumin. Rats were anesthetized by intra-
peritoneally injecting 40 mg/kg of sodium pentobarbital
(Kyoritsu Seiyaku, Tokyo, Japan). After the disappearance of
the eyelid reflex, the foreleg of the rat was shaved and
0.1 mL of each toxin concentration was injected into the
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foreleg muscle (flexor digitorum muscle). For injection, an
insulin syringe (Becton Dickinson, Tokyo, Japan) was used.

The grip strength was measured in the left and right
forelegs of each rat using a Grip Strength Meter (Mur-
omachi Kikai, Tokyo, Japan) and a modification of a previ-
ously reported method (Meyer et al.,, 1979). Each rat was
fixed horizontally, and then pulled steadily by the root of
the tail away from the T bar until its grip was broken. The
peak of the grip strength was measured. Each rat was
subjected to five such trials, and the average was used as
the grip strength. The grip strength was measured at
0 (before administration), 1, 2, 3, 4, 7, and 14 days after
injection. It is represented as the gram-force (gf).

To evaluate the duration of the muscle flaccidity-
inducing effect of the toxin, the toxins were diluted to
0.12 U/mL with 0.5 w/v% human serum albumin-containing
physiological saline and 0.1 mL of each toxin was injected
into the muscle of the foreleg. The grip strength was
measured until 66 days after injection.

To compare the duration of equivalent muscle flaccidity-
inducing effects among the toxins, each toxin was diluted
to the dose necessary to cause a 50% reduction in the grip
strength on either the administered or contralateral side,
and was injected into the muscle of the foreleg. The grip
strength was measured until 35 days after injection. The
variation range of the grip strength before injection was
defined as the mean =+ 2 S.D. The duration of the muscle
flaccidity-inducing effect of the toxins was defined as the
time required for recovery into this variation range of grip
strength before injection.

2.6. Statistical analysis

The grip strength is expressed as the mean + S.E.M., and
the time-course is presented graphically. To evaluate the
efficacy of the toxins, a regression line for each toxin was
calculated for the peak effect versus the dose. Regression
lines were used to calculate the doses causing 50% reduc-
tions in grip strength, and these values were termed the
Effective Dose 50 (EDsq: administered side) and Toxic Dose
50 (TDsp: contralateral side), respectively.

The EDsg and TDsq of each toxin were analyzed using
a nonlinear least-squares method employing SAS (SAS
Institute Inc., ver. 9.1).

3. Results

3.1. Comparison of neuromuscular blocking activities of the
toxins using the twitch tension assay

The inhibitory effects of A2NTX, AINTX, and A1LL on
neuromuscular transmission were determined based on
the twitch tension assay. Dose-dependent shortening of the
attenuation time of twitch tension was observed in this
assay (Fig. 1). We plotted the logarithm of the time for
twitch tension to decline to 1/e of that observed immedi-
ately before toxin application against the logarithm of toxin
activity (LDsg doses), and the linearity of the regression line
and homogeneity of variance were confirmed by regression
analysis. Each toxin in the twitch tension assay could not be
compared using identical toxin activities, because the
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Fig. 1. Dose-response curves of A1LL, AINTX, and A2NTX for the twitch
tension assay using mouse phrenic nerve hemidiaphragm preparations. The
response was expressed as the time required for twitch tension to decline to
1/e of that observed immediately before toxin application. (A) pH 7.4 (A:
A1LL, @: AINTX, [: A2NTX). (B) pH 6.8 (A : A1LL, [1: A2NTX). Each point is
the mean =+ S.D. (n = 3-5).

employed doses of each toxin were different. However,
comparison of the linear range of the dose-response rela-
tionship revealed that A2NTX was 1.21- and 1.95-times
more potent than AINTX and A1LL in its neuromuscular
blocking activity, respectively. In addition, under acidic
conditions (pH 6.8), the neuromuscular blocking activity of
A2NTX was 3.73 times more potent than A1LL.

3.2. Comparison of muscle flaccidity induced by the toxins
using the grip strength test

3.2.1. Time-course of grip strength on the administered side

To compare flaccid paralysis on the administered side
among A2NTX, AINTX, and A1lLL, the grip strength was
measured. It was found that the grip strength decreased
with the LDsg concentration of toxins (Fig. 2). Grip
strengths in the presence of A2NTX, AINTX, and A1LL
decreased until the 2nd, 3rd, and 3 days after toxin injec-
tion, respectively, and then recovered.

3.2.2. Time-course of grip strength of the contralateral foreleg
after injection

The safety (diffusion) of each toxin was evaluated by
periodically measuring the grip strength of the contralateral
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Fig. 2. Time-course of the grip strength on the administered side after toxin injection. Rats received A1LL, AINTX, or A2NTX injection in the left foreleg (each at
0:0015U, ®:0.03U, A:0.06 U, Ao:0.12 U, and [0: 0.24 U). The grip strength was measured in the left foreleg of each rat at 0 (before administration), 1, 2, 3,4, 7,

and 14 days after injection. Each point is the mean + SEM. (n = 5).

foreleg (right front leg) after the intramuscular injection of
relatively large amounts of toxin into the left foreleg. It was
found that the grip strength decreased according to the LDsq
concentration of toxins (Fig. 3). The grip strength in the right
foreleg, in which toxin was not injected, decreased until the
3rd or 4th day after toxin injection and recovered after the
7th day. The relationship between the grip strength and
administered dose was calculated by regression analysis
each measurement day, the log LD5g was plotted against the
grip strength, and the linearity of the regression line and
homogeneity of variance were confirmed by regression
analysis. AINTX of 20 and 24 U killed one of five rats, and
A1LL of 24 U killed three of five rats. In contrast, all A2ZNTX-
treated rats survived (Data not shown).

3.2.3. ED5g and TDsg

EDsg and TDsg were calculated from the peak decrease
in the grip strength on the administered and contralateral
side, respectively (Table 1). The EDsp for A2NTX was
0.040 U, which was lower than that for the other toxins. The
EDsg values for AINTX and A1LL were 0.060 and 0.087 U,
respectively. The TDsg for A2NTX was 15.62 U, a higher dose
than that for other toxins. The TDsp values of AINTX and
A1LL were 7.54 and 6.35 U, respectively.

3.2.4. Duration of muscle flaccidity induced by the toxins

We compared the duration of the muscle flaccidity-
inducing effect of the toxins when the same dosage of each
toxin was injected. The effects of A1LL, AINTX, and A2NTX
resolved at 35, 35, and 66 days after injection, respectively
(Fig. 4A). A2NTX showed a longer duration of action than
A1LL and AINTX.

We also compared the duration of action of each toxin
when adjusting the toxins to show equivalent muscle
flaccidity-inducing effects. In spite of the different doses,
recovery from all toxins occurred by 14 days after injection
on the administered side (Fig. 4B). However, on the
contralateral side, recovery occurred at 35, 35, and 17 days
for A1LL, AINTX, and A2NTX, respectively (Fig. 4C).

4. Discussion

We investigated whether the efficacy of botulinum
toxin type A differed according to the type A structure or
amino acid sequence of the toxin molecule. Our results
indicate that A2NTX is more effective than A1LL and
A1INTX, which have been used for commercial botulinum
toxin type A products.
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Fig. 3. Time-course of the grip strength of the contralateral foreleg after toxin injection. Rats received A1LL, AINTX, or A2NTX injection in the left foreleg (each at
0:1U,@:4U,A:8U, 4:12U, 0: 16 U, M: 20 U, and < : 24 U). The grip strength was measured in the right foreleg of each rat at 0 (before administration), 1, 2,

3, 4, 7, and 14 days after injection. Each point is the mean + S.EM. (n = 5).

In in-vitro experiments using the twitch tension assay,
A2NTX displayed about a 1.2- and 1.95-times higher inhib-
itory activity than AINTX and AlLL, respectively. In
a previous report, the inhibitory effect on neuromuscular
transmission of the M toxin was compared with that of LL
toxin, and M toxin was round to display about a 2-times
higher inhibitory activity than LL toxin (Yoneda et al., 2005).
The binding of a toxin to its receptor and subsequent
endocytosis occur after the dissociation of NTX from the
progenitor toxin complex. In this study, the difference in

Table 1 .
EDsp and TDsq for A1LL, AINTX, and A2NTX.
Toxin EDsp (U/head)? TDso (Ufhead)?
Value 95% confidence Value 95% confidence
interval interval
A1LL 0.087 0.07-0.10 6.35 5.75-7.24
AINTX 0.060 0.05-0.07 7.54 6.61-8.51
A2NTX 0.040 0.03-0.05 15.62 13.18-23.44

2 EDso, dose at which a 50% reduction occurred in efficacy.
b TDsq, dose at which a 50% reduction occurred in safety.

effectiveness might be thought to indicate that A1LL take
long dissociation of HA and NTNH in the in-vitro experiment.

There is a possibility that areas of muscle damage in
patients with spasm are acidic due to persistent muscle
contraction. To reproduce this condition in in-vitro exper-
iments, the effects of each toxin were determined under
acidic conditions (pH 6.8 by the addition of lactic acid).
Under these conditions, the neuromuscular blocking
activity of A2NTX was 3.73 times more potent than that of
A1LL, with a greater difference than at pH 7.4. In this study,
the difference in effectiveness might be thought to indicate
that the dissociation rate of A1LL at pH 6.8 is slower than at
pH 7.4. This result suggests that that therapeutic effect of
A2NTX is greater than that of A1LL in spasm patients.

To evaluate whether the in-vitro inhibitory effects of the
toxins on neuromuscular transmission are correlated with
their effects on muscle flaccidity, we conducted an investi-
gation using the rat grip strength test. When we compared
the EDsq values of the toxins (muscle flaccidity effect), we
found that A2NTX was 2.1-times more effective than A1LL.
This was virtually the same relationship between the toxins
as seen in the twitch tension assay. These results indicate
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Fig. 4. The duration of the muscle flaccidity-inducing effects of the toxins
(a: AlLL, @: AINTX, {J: A2NTX). The grey area shows the variation range
(mean + 2 S.D.) before injection. (A) Time-course of the grip strength on the
administered side after toxin injection. Rats received 0.012 U of A1LL,
A1INTX, or A2NTX. Each point is the mean =+ S.EM. (n = 5). (B) Time-course
of the grip strength on the administered side after toxin injection. Rats
received EDsg levels of A1LL, AINTX, or A2NTX. Each point is the
mean + S.EM. (n = 5). (C) Time-course of the grip strength on the contra-
lateral side after injection. Rats received SDsq levels of A1LL, AINTX, or
A2NTX. Each point is the mean £ S.EM. (n = 5).

that A2NTX is effective at half the usual dose of the
conventional botulinum toxin type A product (A1LL).
When we compared the duration of the muscle flac-
cidity-inducing effect of the toxins, we found that a half-
dose of A2NTX and one dose of A1LL were equivalent
regarding the duration of the muscle-relaxing effect. When
equivalent doses of the toxins were injected, A2NTX

produced an effect with about a 2-times longer duration
than that of A1LL. This result suggests that A2NTX might
cause a lower incidence of adverse effects than the
conventional botulinum toxin product (A1LL). Further-
more, as frequent administration might not be necessary,
its injection might be unlikely to induce neutralization
antibody production. .

The diffusion of each toxin was evaluated by measuring
the grip strength in the contralateral foreleg (toxin-
untreated). A higher dose of A2NTX than that of A1 toxins
(A1LL and AINTX) was required to decrease the grip
strength on the contralateral side. A2NTX diffused less
effectively than A1 toxins. The difference in diffusion among
these toxins may be due to the variation in the amino acid
sequence of NTX. When it was given at a high dose, which
caused reductions in grip strength on the contralateral side,
recovery following the injection of A2NTX was more rapid
than for A1 toxins. This result suggests that A2NTX is safer
than A1 toxins. Thus, A2NTX has the potential to become
a safer drug for human use than A1 toxins.

We measured the time-course of the grip strength on the
administered side, and found that A2NTX acted more rapidly
than A1LL or AINTX. The conventional botulinum toxin type
A products have been reported to require about 1T week until
the effect is observed (Truong and Jost, 2006). These slow-
acting agents contribute to patient distress. A2NTX provides
a possible solution to the problem because it acts more
quickly than the conventional toxin preparation. The muscle
flaccidity-inducing effect of AZNTX peaked at 2 days, whereas
thatof A1LL and A1INTX peaked at 3-4 days. The difference in
the onset of effect between A2NTX and A1 toxins may be due
to the variation in the amino acid sequence of NTX.

In summary, in this study, we found the following: 1)
The effects of neuromuscular transmission inhibition and
muscle relaxation are more effective for A2NTX than A1LL
and AINTX. 2) A2NTX shows a lower-level diffusion than
A1LL and A1NTX, requiring a higher dose to reduce the grip
strength on the contralateral side.
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Abstract. The adverse effects of botulinum LL toxin and neurotoxin produced by subtype A1
(A1LL and AINTX) are becoming issues, as the toxins could diffuse from the toxin-treated
(ipsilateral) to contralateral muscles. We have attempted to produce neurotoxin from subtype A2
(A2NTX) with an amino acid sequence different from that of neurotoxin subtype A1. We measured
the grip strength on the contralateral foreleg as an indicator of toxin spread from the ipsilateral to
contralateral muscles. Doses 0of 0.30 log U or above of A1LL and A INTX reduced the contralateral
grip strength, whereas a dose of 0.78 log U of A2NTX was required to do so. We investigated the
route of toxin spread using denervated, colchicine-treated, and antitoxin-treated rats. A1LL was
transported via axons at doses higher than 0.30 log U and via both axons and body fluid at about
0.80 log U or a higher dose. Interestingly, A2NTX was transported via body fluid at about 0.80
log U or a higher dose, but not via axons to the contralateral side. It was concluded that AILL and
AINTX decreased the grip strength of the toxin-untreated foreleg via both axonal transport and
body fluids, while A2NTX was only transported via the body fluid.

Keywords: botulinum toxin, grip strength (rat), neurotomy, colchicine, axonal transport

Introduction

are protein complexes containing a 150-kDa neurotoxin
(NTX) and nontoxic components. Type A protein com-

Botulinum toxins have been researched and developed
for use as important therapeutic agents for neurological
disorders such as blepharospasm, hemifacial spasm, vari-
ous dystonias, and overactive bladder (1 ~ 3). The toxins
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plexes, called progenitor toxins, have molecular weights
of 900 (LL toxin), 500 (L toxin), or 300 (M toxin) kDa
(4). LL and L toxins have nontoxic components exhibit-
ing hemagglutinin (HA) activity, whereas the nontoxic
components of M toxin have no HA activity. The NTX
component consists of heavy (100 kDa) light (50
kDa) chain components held together by a disulfide bond
(5). The heavy chain contains the translocation (N-termi-
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nal region of the heavy chain) and cell-binding domain
(C-terminal region of the heavy chain). The light chain
contains the endopeptidase domain, which cleaves pro-
teins associated with intracellular vesicular transport,
such as SNAP-25 (synaptosomal-associated protein of
25 kDa) for type A toxin, and consequently inhibits
acetylcholine release from neurons, leading to paralysis.
Type A organisms have been classified into five subtypes
(A1 — A5) based on the amino acid sequence variability
of the produced NTX (6, 7). Botulinum toxin type A
products, which are used as a treatment for neurologic
disorder, are produced from LL toxin or NTX derived

from subtype Al organisms (8). The toxins show high-

level efficacy at very low doses, but their adverse effects
are becoming an issue. In the treatment for torticollis,
cervical dystonia, and cosmetic cases, patients showed
dysphagia or respiratory compromise (9 — 11). In clinical
studies of treatment for spasm, patients who received
high-dose toxin showed weakness around the site of ad-
ministration as well as symptoms of botulism (12 — 14).
The U.S. Food and Drug Administration announced that

the effects of botulinum toxin could spread from the in-

jection site to other areas of the body, causing symptoms
similar to those of botulism (15). The major problem
with the toxin products was the relaxation of non-target
muscles due to spread. It was reported that this spread
might be the result of transport of the toxin via nerves
(16).

To search for a toxin product with fewer adverse ef-
fects, we produced NTX from subtype A2 (A2NTX),
with an amino acid sequence different from that of NTX
subtype Al. In this study, to compare the spread dose of
LL toxin from subtype Al (A1LL), NTX from subtype
Al (AINTX), and A2NTX, we conducted grip strength
tests involving the side contralateral to the toxin-treated
foreleg in rats as an indication of spread. To investigate
the route of toxin spread; we carried out grip strength
tests of the contralateral side of rat models treated with
neuwrotomy or colchicine before the administration of
toxins and in the rats treated with antitoxins after toxin
administration. In addition, we used immunoblotting to
determine if toxins were present in the contralateral
foreleg after toxin administration.

Materials and Methods

Purification of toxins

Botulinum type A neurotoxins (150 kDa, NTX) were
prepared as described in the previously reported method,
with modifications (17). Clostridium botulinum type A

strains 62A and Chiba-H, which belong to subtype A1

and A2, respectively, were cultured in PYG medium
containing 2% peptone, 0.5% yeast extract, 0.5% glu-

cose, and 0.025% sodium thioglycolate by allowing them
to stand at 30°C for 3 days. M toxin was purified from
the culture fluid by acid precipitation, protamine treat-
ment, ion-exchange chromatography, and gel filtration.
Each M toxin subtype was adsorbed onto a DEAE Se-
pharose column equilibrated with 10 mM phosphate
buffer and eluted with a 0 — 0.3 M NaCl gradient buffer
for NTX and non-toxic component separation. The dif-
ferent types of NTX were stored at —70°C until use.

For the test control, commercial progenitor LL toxin
(BOTOX; Allergan Inc., Irvine, CA, USA) was used.

Experimental animals

ICR/CD-1 mice (4 weeks of age, female, about 20 g;
Charles River Laboratories Japan, Yokohama) and S/D
rats (8 weeks of age, female, about 200 g; Charles River

" Laboratories Japan) were used for the toxic activity assay

and grip strength test, respectively. Animals were main-

- tained under controlled light/dark conditions and had

free access to food and water. This study was performed
in accordance with the guidelines concerning experimen-
tal animals established by The Japanese Pharmacological
Society and was approved by the Animal Ethics Com-
mittee of our institute.

Toxic activity measurements

The toxic activities of AILL, AINTX, and A2NTX
were determined employing the mouse intraperitoneal
(i.p.) LDso method (18). The mouse i.p. LDso was deter-
mined using a 7-dose assay with a dilution interval of
1.25 and 20 mice per dose. The evaluation period was the
first 96 h after administration, and the LDs, was calcu-
lated by the probit method. One mouse i.p. LDs, was
defined as 1 unit (U).

Investigation of toxin spread

We compared flaccid paralysis of the contralateral side
muscles to that of those injected with A1LL, AINTX,
and A2NTX as an indicator of toxin spread (adverse
effect). The toxins were serially diluted to 1.00—1.90
log U/mL with physiological saline containing 0.5%
human serum albumin (diluent). Rats were anesthetized
by the i.p. injection of 40 mg/kg of sodium pentobarbital
(Kyoritsu Seiyaku, Tokyo). After the disappearance of
the eyelid reflex, the foreleg of the rat was shaved and

. 0.1 mL of each toxin concentration was injected into the

foreleg muscles using an insulin syringe (Becton
Dickinson, Tokyo).

The grip strength of the left and right forelegs of each
rat was measured using a Grip Strength Meter (Muromachi
Kikai, Tokyo) and the modification of a previously re-
ported method (19). Two Grip Strength Meters were
placed side by side, and a T-bar was attached to each. A
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rat gripped the T-bar with each foreleg and was fixed
horizontally, and then the rat was pulled steadily by the
root of its tail away from the T-bar until its grip was
broken. The peak grip strength was measured. The grip
strength of each rat was measured five times, and the
average was used. The grip strength was measured at 0
(before administration), 2, 3, 4, and 7 days after injection.
The rat grip strength was expressed in units of gram-
force (gf).

Investigation of route of toxin spread using a neurotomy
model

To investigate whether toxins are transported via
nerves to the contralateral muscles, denervation of the
left brachial plexus of toxin-treated muscle was carried
out as follows (Fig. 1): rats underwent general anesthesia
by i.p. injection of pentobarbital sodium at 40 mg/kg, and
regional anesthesia around the surgical site by the intra-
muscular injection of 5 mg/kg xylazine (Nippon Zenyaku
Kogyo, Koriyama). A surgical incision was made in the
left thoracic region, exposing the left brachial plexus.
The division of this plexus was ligated at two sites and
cut between those sites. After the surgical operation, the
muscle and skin were sutured, and 75 mg of kanamycin
(Meiji Seika, Tokyo) was injected subcutaneously (s.c.)
to prevent infection. The non-neurotomy group received
a sham operation.

Al1LL and AINTX were serially diluted with the
diluent to 1.60—1.90 log U/mL and A2NTX, to 1.80
log U/mL. A volume of 0.1 mL with each toxin at vari-
ous concentrations was injected into the left foreleg
muscles in the neurotomy and non-neurotomy groups.
The vehicle group was injected only with the diluent.

Toxin

Spinal cord

Fig. 1. Treatment of the neurotomy and colchicine models. a: left
brachial plexus was cut (neurotomy model) -or was treated with
colchicine (left colchicine model), b: right brachial plexus was treated
with colchicine (right colchicine model). The toxins were injected
into the lefi foreleg in these models.

The grip strength was measured at 0 (before administra-
tion), 2, 3, and 4 days after administration.

Investigation of route of toxin spread using a colchicine
model

To investigate whether the toxins are transported ax-
onally to the contralateral foreleg, the left and right bra-
chial plexus of rats was chemically treated with colchicine
(Wako, Osaka) (left and right colchicine model, respec-
tively) (Fig. 1). Colchicine selectively inhibits axonal
transport by acting on neuronal microtubules (20). The
left or right brachial plexus was surgically exposed in the
same way as in the neurotomy model and then covered
with agars containing colchicine (10 ug). The agars were
themselves covered with Vaseline (Wako) to avoid the
leakage of colchicine into non-target tissues. The non-
colchicine—treated rat group received a sham operation.

A1LL and AINTX were diluted to the dose of 0.60
log U and injected into the left foreleg muscles in these
colchicine models and non-colchicine—treated groups.
A2NTX was diluted to the dose of 0.78 log U and in-
jected in the left colchicine— and non-colchicine—treated
groups. The grip strength was measured at 0 (before ad-
ministration), 2, 3, and 4 days after administration.

Investigation of route of toxin spread employing treat-
ment with antitoxin .

To investigate whether toxins are transported via the
body fluid, we intravenously administered antitoxin fol-
lowing toxin injection. Antitoxin against type Al toxin
(type Al antitoxin) was equine-derived Japanese stan-
dard botulinum antitoxin type A (National Institute of
Infectious Diseases, Tokyo). Antitoxin against type A2
antitoxin (type A2 antitoxin) was the equine-derived
F(ab’)2 fragment, obtained as follows: Horses were im-
munized with toxoid of type A2 toxin, and sera were
collected. The F(ab’)2 fragment was purified by peptic
digestion from immunoglobulin which was extracted
from the obtained sera.

The dose of toxins used was higher than the previous
one because the toxins may possibly be transported
through pathways other than axonal transport. A1LL and
AINTX were diluted to the dose (A1LL: 0.84 log U,
A2NTX: 1.20 log U) that caused a 50% reduction in the
grip strength of the contralateral foreleg, as reported in a
previous experiment (21), and injected into the left fore-
leg muscles. In the antitoxin-treated groups, A1LL- or
A2NTX-treated rats were intravenously given 1 unit of
type Al or A2 antitoxin (Al-antitoxin— and A2-antitox-
in—treated groups, respectively) at 1 h after toxin admin-
istration. One unit of these antitoxins can neutralize 4.00
log U of type A1 or A2 toxin, respectively (22). In addi-
tion, in the prepared neurotomy model, A1LL and anti-
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toxin type Al were administered in the same way. These
antitoxin doses were set so that the antitoxin dose did not
affect the grip strength of the toxin-injected foreleg. The
grip strength was measured at 0 (before administration),
2, 3, and 4 days after administration.

Immunoblotting

To show the presence of the toxins in the contralateral
foreleg, we investigated whether SNAP-25 was cleaved
by the toxins in the contralateral nerve ends. The pres-
ence of cleaved SNAP-25 was demonstrated by immuno-
blotting, according to the previously described method
(16). The neurotomy and left colchicine—treated models
were used. Control rats received a sham operation. A1LL
and A2NTX were each diluted to the appropriate dose
(A1LL: 0.60 log U, A2NTX: 0.78 log U) and injected
into the left foreleg muscles. The right foreleg muscles
and nerve were isolated at 4 days after injection. The
muscles and nerve were homogenized, and proteins were
extracted with lysis buffer of the following composition:
1% Triton X-100, 0.5% Na deoxycholate, 0.1% SDS,
10% glycerol, 20 mM Tris-HCI (pH 8), 150 mM NaCl, 1
mM EDTA, 50 mM NaF, 1 mM Na,MoO,, 0.5 mM
Na;VOy, 5 mM Na,P,07, 10 ug/mL leupeptin, 10 yg/mL
aprotinin, and 0.01 mM PMSEF. Protein extracts were
separated by electrophoresis and electroblotted to a
PVDF membrane (GE Healthcare Japan, Hino), which
was then incubated with primary antibody (anti-botuli-
num toxin type A-cleaved SNAP-25) for 1 h at room
temperature. The anti-botulinum toxin type A-cleaved
SNAP-25 was produced as described previously method
(23). Blots were then reacted with HRP-conjugated anti
rabbit IgG (GE Healthcare Japan) and developed by ECL
(GE Healthcare Japan). '

Statistical analysis

The grip strength is presented as the mean + S.EM.,
and the time course is shown graphically. The change in
the grip strength of each toxin-treated group, neurotomy
model, colchicine model, antitoxin-treated group, and
vehicle group over the 4 days after administration was
analyzed by one-way ANOVA, Tukey’s test, and two-
way ANOVA. SAS (ver. 9.1; SAS Institute Japan, Tokyo)
was employed for statistical analysis. The significance
level was set to two-sided 5%. The P-value was rounded
to 4 decimal places.

Results

Comparison of the adverse effect of toxins on contralat-
eral muscles

The adverse effect of each toxin was evaluated by
measuring the grip strength of both forelegs after intra-

muscular injection into the left foreleg. The grip strength
decreased with increasing toxin concentration in the
contralateral foreleg (Fig. 2). The grip strength of the
toxin-treated (ipsilateral) foreleg was about 0 gf at all
toxin concentrations used (data not shown).

The decrease in the grip strength of the contralateral
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Fig. 2. Time-course changes in the grip strength of the contralateral
forelegs after toxin injection in rats. Rats were injected with A1LL
(A), AINTX (B), or A2NTX (C) at various concentrations (0 — 1.20
log U) into left foreleg muscles. The grip strength was measured in
the contralateral foreleg of each rat before (0) and at 2, 3, 4, and 7
days after injection. Each point is the mean £ S.EM (n =5). 0 (closed
circle), 0.30 (open circle), 0.48 (closed square), 0.60 (open square),
0.70 (closed triangle), 0.78 (open triangle), 0.84 (closed diamond),
0.99 (open diamond), 1.20 (double circle) log U, and Vehicle (cross
mark).
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foreleg reached a maximum on day 4 after administra-
tion. Thus, the change during the 4-day period was cal-
culated by subtracting the value before administration
from that on day 4. The change over the 4 days after in-
jection between toxin-treated and vehicle groups was
analyzed by one-way ANOVA. AILL and AINTX
showed a significant difference from the vehicle at 0.30
log U or more, respectively. In contrast, A2NTX showed
a significant difference at a dose higher than 0.78 log U

(Fig. 3).

279

Effects of AILL and AINTX on contralateral muscles in
the neurotomy model '

To investigate the route of toxin spread to the contra-
lateral foreleg, a rat neurotomy model was used. The
change over the 4 days after injection among neurotomy,
non-neurotomy, and vehicle groups was analyzed using
two-way ANOVA and Tukey’s test. Two-way analysis
of variance (toxins dose by neurotomy treated) was per-
formed among neurotomy, non-neurotomy, and vehicle
groups. All groups of A1LL and AINTX showed a sig-
nificant difference from the vehicle group (main effect of
toxin dose: P < 0.0001, main effect of neurotomy treated:
P <0.0001, toxins dose by neurotomy treated: P = 0.0008

100

50

A1LL

0.30 048 0.60 0.70

Vehicle

AINTX

0.30 048 0.60 0.70

Vehicle

Grip strength (gf) of contralateral foreleg

A2NTX :
Fig. 3. Change in the grip strength of the contra-

lateral foreleg during the 4 days after toxin injec-

tion [A1LL (A), AINTX (B), and A2NTX (C)]
(n=35; *P<0.05, onc-way ANOVA). AILL,

0.60 0.70 0.78

Log dose (U)

0.84 0:80

Vehicle

AINTX, and A2NTX showed a significant differ-
ence from the vehicle at more than 0.30, 0.30, and
0.78 log U, respectively.
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in A1LL; main effect of toxin dose: P <0.0001, main
effect of neurotomy treated: P < 0.0001, toxins dose by
neurotomy treated: P = 0.0028 in AINTX). Tukey’s test
was performed among the groups. In the neurotomy
group, the grip strength of the contralateral foreleg after
the injection of 0.78 log U or less of AILL or AINTX
did not decrease, and there was no significant difference
between the neurotomy and vehicle groups (P = 0.1859,
P =0.8453 in AILL and AINTX at 0.78 log U, respec-~
tively). In contrast, the grip strength decreased in the
non-neurotomy group, and there was a significant differ-
ence between the neurotomy and non-neurotomy groups
(P <0.0001 in AILL and AINTX at 0.78 log U). More-
over, a significant difference was observed between the
neurotomy and vehicle groups at 0.90 log U of each toxin
(P =0.0346, P=0.0140 in A1LL and AINTX, respec-
tively) (Fig. 4). In the neurotomy and non-neurotomy
groups, the grip strength of the ipsilateral foreleg was
about 0 gf (data not shown).

Effects of AILL and AINTX on the contralateral muscles
in the colchicine model

The results using the neurotomy model suggested that
both A1LL and AINTX were transported to the contra-
lateral muscles via a nerve pathway. In order to clarify
this toxin pathway, left and right colchicine model rats
were produced by treating the left and right brachial
plexus with colchicine, respectively. The left and right
colchicine models were blocked regarding axonal trans-
port from the ipsilateral muscle to the spinal cord and
from the spinal cord to the contralateral muscle, respec-

[[IIf Vehicle
[ Non-neurotomy

] Neurotomy model
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tively. The change over the 4 days after injection among
colchicine-treated, non-colchicine-treated, and vehicle
groups was analyzed using one-way ANOVA and
Tukey’s test.

The left colchicine— and non-colchicine—treated groups
were injected with 0.60 log U of A1LL or AINTX. The
grip strength of the contralateral foreleg did not decrease
in the left colchicine—treated rats, similar to the results
seen in the neurotomy model. One way ANOVA was
performed, and there was a significant difference among
the left colchicine—treated, non-colchicine-treated, and
vehicle groups (P <0.0001 in A1LL and AINTX).
Tukey’s test was performed, and there was no significant
difference between left colchicine—treated and vehicle
groups(P = 0.8862 and P = 0.6132 in A1LL and AINTX,
respectively). In contrast, the grip strength of the contral-
ateral foreleg decreased in the non-colchicine—treated
group, resulting in a significant difference between the
left colchicine~ and non-colchicine~treated groups
(P <0.0001 in AILL and AINTX) (Fig. 5A).

The right colchicine— and non-colchicine—treated
groups were injected with 0.60 logU of AILL or
AINTX. The grip strength of the contralateral foreleg
did not decrease in the right colchicine—treated rats, simi-
lar to the results seen in the left one. One way ANOVA
was performed, and there was a significant difference
among the right colchicine-treated, non-colchicine—
treated, and vehicle groups (P < 0.0001 and P = 0.0002
in AILL and AINTX, respectively). Tukey’s test was
performed, and there was no significant difference be-
tween the right colchicine—treated and vehicle groups

%

Fig. 4. Change in the grip strength of the contral-
ateral foreleg in the neurotomy and non-neurotomy

models during the 4 days after AILL or AINTX
injection (n = 5; *P < 0.05, Tukey’s test). Denerva-

. tion was performed at the left brachial plexus, and
then denervated rats received an injection of AILL

or AINTX at 0.60, 0.78, and 0.90 log U into the

left foreleg. There was no significant difference
between neurotomy and vehicle groups at 0.78
log U or less of each toxin, but a significant differ-

ence appeared at 0.90 log U. At all doses used, the
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Fig. 5. Change in the grip strength of the contralateral foreleg in
colchicine model rats during the 4 days after toxin injection(n =4 -5,
*P <0.05, Tukey’s test). A: The left brachial plexus of rats was
treated with colchicine, and then the rats received 0.60 log U of AILL
or AINTX in the left foreleg. The grip strength of the contralateral
foreleg did not decrease in the left colchicine model rats. There was
no significant difference between the left colchicine model and vehicle
rat groups, but there was a significant difference between the left
colchicine model and non-colchicine—treated rat groups. B: The right
brachial plexus of rats was treated with colchicine, and then the rats
received 0.60 log U of AILL or AINTX in the left foreleg. The grip
strength of the contralateral foreleg did not decrease in the right
colchicine model rats. There was no significant difference between
the right colchicine model and vehicle rat groups, but there was a

significant difference between the right colchicine model and non--

colchicine~treated rat groups.

(P =10.5896 and P=10.5560 in AILL and AINTX, re-
spectively). In contrast, the grip strength of the contralat-
eral foreleg decreased in the non-colchicine—treated
group, resulting in a significant difference between the
right colchicine— and non-colchicine—treated groups
(P <0.0001 and P=0.0018 in AILL and AINTX, re-
spectively) (Fig. 5B).

In the left colchicine—, right colchicine—, and non-
colchicine—treated groups, the grip strength of the ipsilat-
eral foreleg was about 0 gf (data not shown). To verify
whether the colchicine-treated nerve was intact, the left
brachial plexus of toxin-nonadministered colchicine
model rats was stimulated 7 days after surgery. Muscular
contraction of the left foreleg was normal on electrical
stimulation.

Effect of A2NTX on the contralateral muscles in the
neurotomy and colchicine model

We determined the grip strength in the neurotomy and
non-neurotomy groups treated with 0.78 logU of
A2NTX. One way ANOVA was performed, and there
was a significant difference among the neurotomy, non-
neurotomy, and vehicle groups (P = 0.0017). Tukey’s -
test was performed, and neurotomy and non-neurotomy
groups were significantly different from the vehicle
group (P = 0.0093.and P = 0.0020 in the neurotomy and
non-neurotomy groups, respectively). Unexpectedly,
there was no significant difference in the effect of
A2NTX between the neurotomy and non-neurotomy
groups (P = 0.6609) (Fig. 6A). The grip strength in the
colchicine- and non-colchicine—treated groups treated
with 0.78 log U of A2NTX significantly differed from
that of the vehicle group (P < 0.0001, in colchicine- and
non-colchicine—treated groups). There was no significant
difference in the effect of A2NTX between the colchi-
cine- and non-colchicine-treated groups (P =0.8297)
(Fig. 6B). In all groups, the grip strength of the ipsilateral
foreleg was about 0 gf (data not shown).

Effect of antitoxin treatment on the contralateral
foreleg )

To investigate the route of toxin spread to the contra-
lateral muscles excluding axonal transport, we injected
antitoxin following toxin administration. As a result, the
grip strength of the contralateral foreleg did not decrease
in the A2-antitoxin—treated group, and there was no sig-
nificant difference between A2-antitoxin—treated and

- vehicle groups (Fig. 7A).

In contrast, the grip strength of the contralateral foreleg
markedly decreased in the Al-antitoxin—treated group.
This group significantly differed from AlLL-alone
(P = 0.0032) and vehicle groups (P = 0.0017) (Fig. 7A).
The neurotomy rats injected with A l-antitoxin were not
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ervated at the left brachial plexus and then injected with 0.78 log U of
A2NTX into the left foreleg muscles. There was a significant differ-
ence between the neurotomy and vehicle groups, but no significant
difference between the neurotomy and non-neurotomy groups. B: The
left brachial plexus of rats was treated with colchicine, and then the
rats received 0.78 log U of A2NTX in the left foreleg. There was a
significant difference between the colchicine-treated and vehicle
groups, but no significant difference between the colchicine- and non-
colchicine-treated groups.
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Fig. 8. Immunoblotting for AILL- or A2NTX-~cleaved SNAP-25 in
protein extracts from the contralateral foreleg of the neurotomy (N)
and colchicine-treated (C) model.

significantly different from the vehicle group (P = 0.9263)
(Fig. 7B). In the toxin-treated groups (including antitoxin-
treated groups), the grip strength of the ipsilateral foreleg
was about 0 gf (data not shown). ,

Immunoblotting

To show the presence of the toxins in the contralateral

foreleg, we used immunoblotting to detect cleaved
SNAP-25 in the muscle and nerve of the contralateral
foreleg as an assay of toxins trafficking. No cleavage of
SNAP-25 was observed in the AlLL-administered neu-
rotomy and colchicine-treated models, but SNAP-25
cleavage was observed in all control rats treated with this
toxin. All groups given A2NTX showed cleavage of
SNAP-25 (Fig. 8). These results indicate that A1LL was
not present in the contralateral muscle of these models,
but in contrast, A2NTX did diffuse into these muscles.

Discussion

We investigated the route of botulinum toxin spread.
The present results clearly indicate that both A1LL and
AINTX decrease the grip strength of the contralateral
foreleg via both axonal transport and -body fluid, while
A2NTX is not transported via nerve pathways but body
fluid.

The maximum doses of AILL and AINTX that did
not reduce the grip strength of the contralateral foreleg
_ were 0 log U (5 U/kg). The dose was 0.70 log U (25 U/
kg) for A2NTX. This indicates that A2NTX requires a
greater dosage for diffusion to the contralateral muscles
than AILL and AINTX. A2NTX was 2.2- and 1.5-times
more effective in decreasing the rat grip strength than
AI1LL and AINTX in the toxin-injected foreleg, respec-
tively, as previously reported (21). Therefore, A2NTX
possibly causes a lower incidence of adverse effects than
commercial products of botulinum toxin such as A1LL
and AINTX.

Several adverse effects of botulinum toxin prepara-
tions have been reported, and an adverse effect involving
the relaxation of non-target muscles is a concern. In
previous reports, the adverse effects were thought to be
caused by the erroneous injection of toxin into non-target

muscle or spread due to a high dose of toxin (24, 25).
Toxin spread to distant regions is considered to be due to
transport via the body fluid or nerves (26 —28). An RI
study showed when labeled toxins were injected into
gastrocnemius muscle of rats, the toxins were detected in
the sciatic nerve, plasma and contralateral muscle. The
toxins were not detected 48 h after injection in the con-
tralateral muscle. More than 70% of the toxins were
passed out of the body within 48 h of administration.
Another RI study showed the retrograde axonal transport
of toxin to the 6th lumbar spinal cord vertebra (L6) within
48 h after injection into the cat gastrocnemius muscle.
Because of the elapsed time, it was assumed that the
toxin was inactivated during transport (27). However, it
has recently been reported that toxin that has entered
neurons retains its activity for a prolonged period (16).
In this study, the results indicated that the grip strength
of the contralateral foreleg reduced when the toxins were
injected at a high dose. We considered it most likely that
the toxins moved in the nerves to affect the grip strength
of the contralateral foreleg, so we investigated whether
the toxins moved to the contralateral foreleg through
nerves or another pathway. When we treated the rats with
AILL or AINTX, the grip strength of the contralateral
foreleg decreased in the non-neurotomy and non-
colchicine groups, but not in the neurotomy nor left
colchicine model rats, indicating that A1LL and AINTX
were transported axonally from the ipsilateral muscle to
the spinal cord and acted on the innervated contralateral
foreleg muscles. To investigate the route of A1LL and
A INTX to the contralateral side, right colchicine model
rats were treated with these toxins. The grip strength of
the contralateral foreleg decreased in the non-colchicine
groups, but not in the model rats. These results suggested
that AILL and AINTX were retrogradely transported
from the ipsilateral foreleg muscle to the spinal cord, and
then the toxin was anterogradely carried to the nerve
endings. To show that the toxin moves to the contralateral
side, we used detection of cleaved SNAP-25 in contra-

. lateral nerve ends as an assay of the toxins trafficking.

Botulinum toxin acts at the picogram level in rats. In

‘order to detect the toxins directly in vivo, *I-labeled

toxins would be required since otherwise a high dose
exceeding the lethal dose would have to be used (26).
However, we used a non-isotope—requiring method in
this study that had been reported to be the most sensitive
test to monitor the presence of active toxins in vivo, be-
cause a single toxin molecule can proteolyse a large
number of SNAP-25 target molecules, providing a dra-
matic amplifying effect (16). In A1LL, we found cleav-
age SNAP-25 in the control of the contralateral nerve
endings; but no SNAP-25 fragments were detected in the
neurotomy and colchicine-treated models. This result
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indicated that type A1 toxin transported to the contralat-
eral foreleg viaa nerve pathway. For A1LL and AINTX
to act on the innervated contralateral foreleg muscles,
these toxins must be transported from the injected muscle
to the spinal cord and between the ipsilateral and contra-
lateral nerves in the spinal cord. Botulinum toxin binds
to receptors on membranes of nerve endings and is intro-
duced into neurons by endocytosis. The light chain of the
toxin is translocated into the cytoplasm after acidification
of endocytic vesicle. This vesicle was acidized at nerve
endings. Then, the light chain cleaves SNARE protein.
On the other hand, tetanus toxin, which has a similar
structure to botulinum toxin, is also introduced into
vesicle by endocytosis. However, the vesicle is not
acidized at nerve ending. The tetanus toxin is retrogradely
transported in these non-acidifiable vesicles in nerves.
Then, the tetanus toxin is moved to other neurons in the
spinal cord by transcytosis and acts on central nerves
(29). In this study, the results suggest that A1LL and
AINTX were transported from injected muscle to spinal
cord and between nerves as a tetanus toxin. When Al
toxin was injected into the hippocampus, the toxin was
reported to cleave SNAP-25 in the contralateral side 3
days after injection (16). The two hippocampi are inter-
connected by commissural connections. The spinal cord
also has nerve fibers that connect the two sides as a
pathway that crossed extensor reflex follows. A1LL and
AINTX may be transported to the contralateral side via
the nerve fibers. The mechanism of A1LL and AINTX
action in the spinal cord is a subject of future
investigation.

In the neurotomy model, the grip strength of the con-
tralateral foreleg after the injection of doses in excess of
0.78 log U of AILL or AINTX decreased, indicating

that these toxins were transported to the contralateral

foreleg not only via nerves but also via other pathways
when these toxins were injected at high doses. To clarify
the other pathways, antitoxin for botulinum toxin was
injected at 1 h after the administration of 0.84 log U
AILL to control and neurotomy model rats. The grip
strength of the contralateral foreleg in the A1LL~treated
rat group without antitoxin decreased to about 150 gf
over the 4 days after administration and that of the A1l
antitoxin—treated rat group was about 75 gf. The neuro-
tomy model rats injected with antitoxin 1 h after toxin

administration did not show any decrease in the grip-

strength of the contralateral foreleg. These results indi-
cate that the additional A1LL pathway excluding axonal
transport is via the body fluid. The grip strength of the
A1 antitoxin—treated rat group was reduced to one half of
that in the A1LI-treated rat group without antitoxin. The
antitoxin neutralizes toxins diffused from toxin-treated
muscle to the body fluid; however, it does not neutralize

toxins inside nerve cells (axonal transport of toxin).
These results clearly indicate that A1LL was transported
not only via nerves but also via the body fluid to the
contralateral foreleg when a high dose beyond the axonal
transport capacity (about 0.80 log U or more) was used.

- When A2NTX was injected at more than 0.78 log U,
the grip strength of the contralateral foreleg in the neuro-
tomy and colchicine-treated groups decreased to almost
the same level as that of the non-neurotomy and non-
colchicine—treated groups. In addition, we used immuno-
blotting to determine if A2NTX was present in the con-~
tralateral foreleg. A2NTX cleaved SNAP-25 in the
neurotomy and colchicine-treated models. These results
indicated that A2NTX was not transported via a nerve
pathway to the contralateral foreleg. To clarify the trans-
port mechanism of A2NTX, antitoxin was injected 1 h
after administration of the toxin at 1.20 log U. The grip
strength of the contralateral foreleg did not show any
decrease. This indicates that A2NTX was transported via
the body fluid. A1LL diffused to the contralateral muscles
via axons at a dosage from 0.30 to 0.84 log U and via
both axons and the body fluid at high dosages of more
than about 0.80 log U. The dose via the body fluid was
almost the same as that of A2NTX (about 0.80 log U or
more). Therefore, the doses of A1LL and A2NTX trans-
ported via the fluid might be almost the same (about
0.80 log U or more), and the difference between toxins
in the dose diffusing to the contralateral foreleg may
have been caused by the presence or absence of the ax-
onal transport of toxins.

A2NTX shares 89% amino acid sequence homology
with AINTX, 95% in light chains, and 87% in heavy
chains (6). A1 toxins but not A2NTX underwent axonal
transport, and the reason is considered to be a difference
in the amino acid sequences between them. Very differ-
ent amino acid sequences in toxins can be seen in the
heavy chains, which are involved in the binding of recep-
tors and translocation of the intraneuronal light chains.
We considered the following possible mechanisms for
the contralateral transport of these toxins: one hypothesis
is that A1 toxin binds to receptors not only of acidifiable
endocytic vesicles but also non-acidifiable ones as teta-
nus toxin—containing vesicles. In contrast, A2NTX may
bind to receptors of enly acidifiable vesicles. In another
hypothesis, both toxins are retrogradely transported to
the spinal cord. Al toxin is moved into the contralateral
nerve by transcytosis. In contrast, A2NTX is moved in
another way.

In this study, A2NTX caused less muscle flaccidity of
non-toxin—treated muscle than Al toxins (AILL or
AINTX) as commercial botulinum toxin products. It was
suggested that the variation in the amino acid sequence
between AINTX and A2NTX causes the difference in
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the spreading pathways. The required dose for spread
(adverse effect) to the contralateral side is different ac-
cording to the pathway.
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CASE REPORT

Gait and posture assessments of a patient treated with
deep brain stimulation in dystonia using three-dimen-
sional motion analysis systems
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Abstract : Kinesiologic analysis of gait disorders, postural instabilities and abnormal move-
ments is quite difficult to assess objectively by clinical observation, such as by specific
scale and video recordings. In this study, we reported one of the aspects of the usefulness
of three-dimensional motion analysis (Vicon Systems, Oxford, United Kingdom), which
can measure inclusive data of movement disorders and substitute for conventional as-
sessments. A 49-year-old man who had various dystonic symptoms, mainly on his left side
of the body, responded well to deep brain stimulation (DBS). The examination quantified
how the involuntary movements or other symptoms with dystonia changed before and

after treatments. J. Med. Invest. 58 : 264-272, August, 2011

Keywords : motion analysis, dystonia, DBS

-

INTRODUCTION

Involuntary movements of dystonia interfere with

normal posture and gait. Abnormal posture and gait
* disturbance are associated with frequent falls and
restrict activities of daily living (ADL), which can
reduce the quality of life (QOL). Deep brain stimu-
lation (DBS) is a safe and successful therapeutic op-
tion for patients with gait disturbance in Parkinson’s
disease and dystonia. Globus Pallidus internus (GP%)
DBS is effective for the treatment of generalized
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dystonia (1). GPi DBS for X-linked dystonia im-
proves 67.9-80.6% of symptoms (2-5).

Functional neurological impairment has been
measured by specific observational analysis, such
as a rating scale, video monitoring, conventional
three-dimensional kinematic recordings using multi-
ple videos, electromyography and electro-goniome-
try for the analysis of gait, a force plate for the analy-
sis of postural stability, and multiaxial accelerome-
ters and gyroscopes for the analysis of movement
disorders. Conventional three-dimensional kinematic
recordings are complicated and time consuming,

< and it is difficult to extract data (6). The Vicon sys-

tem is a simplified three-dimensional motion analy-
sis system that integrates conventional approaches.
Vicon motion measurements have-been used in
clinical and research laboratories combined with

The Journal of Medical Investigation Vol.58 2011
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an MX camera, which captures three-dimensional
optical marker-based technology, to provide inclu-
sive motion data in detail. We used the Vicon system
to assess a patient with generalized dystonia before
and after the implantation of GPi DBS electrodes.
In this paper, we present the outcome of a case of
dystonia treated with DBS to show its therapeutic
efficacy to improve postural alignment and gait dis-
turbance.

CASE REPORT

Patient presentation

A 49-year-old Filipino male, native to the island

of Panay, was admitted to our hospital to treat dysto-

nia. He had been previously diagnosed with X-
linked dystonia-parkinsonism (DYT3 ; “lubag” dis-
ease) (7, 8). He first presented with involuntary
movements of his bilateral halluxes at the age of 41.
He later developed involuntary movements of his
upper and lower limbs, cervical dystonia and spi-
nal torsion causing gait disturbance and abnormal
posture at the age of 43.

His ambulation progressively worsened. The
baseline United Dystonia Rating Scale (UDRS) score
" performed at our institution was 64/5/112, and his
Burk-Fahn-Mardsden Scale was 57/120 (9). He was
found to have dystonic symptoms mainly on the
left side of his body with a retracted head, twisted
trunk and involuntary movements of his upper
limbs. He also had difficulties with vocalization, swal-
lowing and eye opening. His dystonia was very dis-
abling, greatly affecting his quality of life (QOL).

Experimental design

Motion analysis using the Vicon system was con-
ducted to record kinematic and kinetic data during
static posture and dynamic walking. The patient was
evaluated in three-dimensional static posture and
consecutive gait using the Vicon MX system (Vicon
Motion Systems, Oxford,. United Kingdom). Kine-
matic data were collected at 120 Hz using a passive
eight-camera system (Vicon MX T20 ; Vicon Motion
Systems). Kinetic parameters were recorded at 120
Hz using a four-embedded ground force platform
(AMT], model OR-06 ; Advanced Mechanical Tech-
nology, Watertown, MA). Kinematic and kinetic sys-
tems were synchronized for simultaneous collection.

" Nexus 1.4 software (Vicon Motion Systems) derived
the kinematic and kinetic parameters of standing for
thirty seconds and five times walking on a ten-meter

walkway.

Markers (14-mm diameter) which reflected in-
frared rays were placed on landmarks of the whole
body following the Plug-in-Gait model (Fig. 1,
Vicon Motion Systems). Eight MX cameras cap-
tured the motion of markers and Nexus 1.4 proc-
essed the motion data as stick images from marker
positions in three dimensions. Nexus 1.4 extracted
c3d data (three-dimensional coordinated data of
model) extracted from the plug-in-gait model pa-
rameters. Polygon 3.1 software (Vicon Motion Sys-
tems) simulated the human motion (skeletal model)
expressed by the rigid body of the plug-in-gait
model from c3d data. In addition, Medicaptures
(Winpod, Balma, France) were used to record the
distribution of foot pressure and the tracks of length
(LNG) by postural sway of the center of mass
(COM) in static posture, which showed the stability -
of static balance. He was evaluated before and af-

‘ter DBS (16 days after DBS) using Vicon. He was

examined using various parameters such as neck
angle (the angles between the head relative to the
thorax) for cervical dystonia and spine angle (the
angles between the thorax relative to the pelvis)
for spinal torsion, COM changes for the stability of
dynamic balance, patterns of ground reaction force
(the force exchanged between the foot and the
ground while walking) for symmetrical motion of
limbs, and gait parameters (cadence, speed, step

Figure 1.

Plug-in gait marker placement

Thirty-five reflective markers were placed on landmark of the
whole body. The distribution of markers consisted of head (four),
trunk (nine), upper limbs (fourteen) and lower limbs (ten).



