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Fig. 1. Striosome-predominant expression of c-Fos protein with apomorphine treatment in adult mice. (A) Immunofluorescence staining for c-Fos in
the striatal section from a mouse with no treatment of apomorphine. (B, B') Dual antigen immunofluorescence staining for c-Fos (B) and MOR (B’)
in the striatal section from a mouse with apomorphine treatment. Region shown in dashed open boxes in (B, B') is illustrated at higher magnification
in (C, c-Fos), (C’', MOR) and (C'"', merged). Apomorphine induces patchy striosome-predominant expression of c-Fos in the caudoputamen.
(D) Density measurements of c-Fos-labeled nuclei in the striosome and matrix compartments. Data are represented as the mean (SEM) (bars) values
(n=25). * indicates P=0.01 striosome vs. matrix. MOR, p-opioid receptor. Scale bars: (A, B) 500 pm; (C) 100 um.

Louis, MO, USA), rabbit polyclonal antibody to u-opiate receptor
(MOR; Millipore, Billerica, MA, USA; 1:10,000), rabbit polyclonal
antibody to the dopamine and cAMP-regulated phosphoprotein of
32 kDa (the dopamine and cAMP-regulated phosphoprotein of 32
kDa (DARPP-32); Cell Signaling, Danver, MA, USA; 1:1000),
rabbit polyclonal antibody to phospho-[Thr34]-DARPP-32 (Cell
Signaling; 1:1000), rabbit polyclonal antibody to phospho-[Thr75]-
DARPP-32 (Cell Signaling; 1:1000), rabbit polyclonal antibody to
c-Fos (Oncogene Science, Cambridge, MA, USA; 1:2000), and
rabbit polyclonal antibody to Gaolf (Santa Cruz Biotechnology;
1:500) were used as primary antibodies. For detection of the
bound antibodies, we used the Histofine Simple Stain kit (Nichirei
Company, Tokyo, Japan) with diaminobenzidine (DAB) as a chro-
mogen. Dual antigen immunofluorescence staining for c-Fos and
MOR was performed as previously described (Sato et al., 2008).
The digital microscopic images from the immunostained sections
were acquired with Meta-Morph software (Molecular Devices, To-
kyo, Japan), imported into Adobe Photoshop CS4, and processed
digitally.

Densitometry and statistics

To estimate the density of Gaolf labeling, we immunostained the
striatal sections in parallel at the same time with the same proto-
cols. The optical densities of DAB products were measured as
gray levels. For each animal, measurements were made in five
striatal fields from five sections. Measurements of the density of
c-Fos-labeled nuclei in the striatal compartments were made on
the sections doubly-stained for c-Fos and MOR. We counted the
number of c-Fos-positive nuclei within the striosomes (h=25) and
in the matrix areas (n=25) from five striatal fields of each rat
(n=5), and calculated the density of c-Fos-positive nuclei/mm? in
each compartment. For statistical analysis we used Student's two

tailed t-test and P-values less than 0.05 were considered as
statistically significant.

RESULTS

To test whether the striosome and matrix compartments
differentially respond to dopaminergic stimulation in the
adult mice used in the present study, we performed an
assay for c-Fos expression after treatment with apomor-
phine (Fig. 1). Because the induction of immediate early
gene reflects acute elevation of cAMP-dependent signal-
ing caused by the activation of postsynaptic D1Rs within
striatal neurons, c-Fos induction can be considered as an
indicator of D1R-mediated signal transduction in the stria-
tum (Moratalla et al., 1996; Kim et al., 2002). With the
dual-antigen detection for c-Fos and MOR, a marker for
striosomes (Canales and Graybiel, 2000; Sato et al.,
2008), we confirmed preferential localization of the nuclei
labeled for c-Fos in the striosomes relative to the matrix
compartment in adult mice that were administered a high
dose (10 mg/kg) of apomorphine (Fig. 1).

Next, to identify a molecular candidate responsible for
the differential responses of the two striatal compartments
to the D1R signaling, we reappraised the distributional
profile of TH and D1R (Fig. 2) in the striatum of adult mice.
Immunohistochemistry for TH, a marker for striatal dopa-
minergic afferent fibers, showed a nearly homogeneous
staining (Fig. 2A). No obvious compartmentalization of
D1R-labeling (Fig. 2B) was also found. On the other hand,
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Fig. 2. Striatal localization of D1 dopamine signal-related molecules in adult mice. Striatal sections stained for TH (A), D1R (B), MOR (C), DARPP-32
(D), phospho-{Thr34]-DARPP-32 (E), and phospho-[Thr75]-DARPP-32 (F). TH, tyrosine hydroxylase; D1R, dopamine D1 receptor; MOR, u-opioid
receptor, DARPP-32, the dopamine and cAMP-regulated phosphoprotein of 32 kDa. Scale bars=500 um.

the striosome and matrix compartments were clearly iden-
tified on staining for MOR (Fig. 2C). Hence, it is likely that
dopaminergic afferents and D1Rs are almost homoge-
neously distributed in the striosome-matrix system. In ad-
dition, DARPP-32, a major component of the D1R-signal-
ing cascade (Greengard, 2001), also showed no obvious
compartmentalized distribution in the striatum (Fig. 2D), as
did its site-specific phosphorylated forms such as phos-
pho-[Thr34]-DARPP-32 (Fig. 2E) and phospho-[Thr75]-
DARPP-32 (Fig. 2F).

Lastly, we examined the localization pattern of Gaolf in
the striosome-matrix systems of adult mice (Fig. 3). For
this purpose, we used a rabbit polyclonal antibody to the
Gaolf protein. On immunoblots of rat brain extracts, a
protein band with an approximate molecular mass of 42
kDa, corresponding to the predicted size of the native
Gaolf protein, was selectively detected with the antibody
(Fig. 3A). From the anterior to posterior levels of the stri-
atum (Fig. 3B-D), immunoreactivity for Geaolf was highly
concentrated in the striatum that consists of the caudopu-
tamen, nucleus accumbens, and olfactory tubercle. Under
high-power magnifications, Gaolf labeling was strongly ex-
pressed in numerous neuronal fibers but less intensely in
neuronal perikarya in the striatum (Fig. 3E). Of particular

interest was the finding that within the caudoputamen,
there were focal zones of particularly high Geolf immuno-
staining. These zones of heightened Geolf labeling corre-
sponded to the striosomes identified in the adjacent sec-
tions stained for MOR (Fig. 3F, G). Serial section analysis
on negative images (Fig. 3H, I) also illustrates this higher
expression of Gaolf in the striosomes relative to the nearby
matrix area. Densitometric measurements confirmed this
visual impression (Fig. 3J). A quantitative study revealed a
significant difference in the Gaolf staining density between
the striosome and matrix compartments (P=0.001). Hence,
we inferred that the striosome compartment is enriched
with the Geolf protein in adult mice.

DISCUSSION

Given that c-Fos induction by apomorphine is significantly
high in the striosomes relative to the matrix compartment,
our results indicate that there exists a predominant respon-
siveness of the striosome compartment to D1R signaling in
the adult mouse striatum. However, according to our data,
no apparent compartmentalization was found in adult mice
with respect to the distribution of D1R or TH. This finding is
consistent with the known expression pattern of D1R and
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Fig. 3. Striatal localization of Gaolf in adult mice. (A) Western-blot assay. Rat brain extracts (50 ug of protein) were loaded onto 10% SDS-PAGE
and then processed for the transimmunoblot technique using anti-Gaolf antibody. Note that a protein band (arrowhead) with an approximate
molecular mass of 42 kDa, corresponding to the predicted size of the native Geolf protein was selectively detected. PS, protein staining; 1B,
immunoblot. (B-D) Geolf-immunostaining at the anterior (B), middle (C), and posterior (D) levels of the striatum. (E) High-power photomicrograph of
the striatal area stained for Goeolf. (F, G) Serial sections stained for Geolf (F) and MOR (G). Asterisks indicate a corresponding striosome. MOR,
w-opioid receptor. (H, 1) Negative prints of serial sections stained for Gaolf (H) and MOR (I). Arrows indicate a corresponding striosome. (J) Density
measurements of Gaolf-labeling in the striosome and matrix compartments. Data are represented as the mean (SEM) (bars) values (n=25). * indicates

P=0.01 striosome vs. matrix. Scale bars: (B-D), (F—), 500 pum; (E) 50 um.

TH in the mouse striatum (Kim et al., 2002; Granado et al.,
2008; Sato et al., 2008). Immunostaining of D1R and TH
first appears in discrete “dopamine islands” that corre-
spond to developing striosomes (Graybiel, 1984) at the
early postnatal period. With development, the level of D1R-

and TH-staining intensity in the matrix compartment is
increased to the level found in striosomes, and hence their
compartmentalization becomes obscure during adulthood
(Kim et al., 2002). Therefore, it is likely that in adult mice,
the striosome_and matrix compartments differentially re-
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spond to DR signaling, despite no obvious difference in
the distribution of D1Rs and dopaminergic inputs as deter-
mined by TH-staining between the two striatal compart-
ments. This notion could raise the possibility that certain
molecules that play a role in the intraceliutar dopamine D1
signaling cascade are differentially expressad in the strio-
some-matrix systems in aduit mice. Although a previous
study showed a homogeneous pattern of Golf mRNA ex-
pression throughout striatal development in rats (Sak-
agami et al., 1995), in the present study, we have shown
that the Gaolf protein is differentially expressed in the
striatal compartments of adult mice. The present study first
showed compartmentalized distribution of the Gaolf pro-
tein in the adult mouse striatum, with a heightened density
of Gaolf-staining in the striosomes relative to the matrix
compartment. Because activation of D1R increases cAMP
production via Gaolf-mediated stimulation of adenylyl cy-
clase in rodents (Zhuang et al., 2000; Corvol et al., 2001),
we suggest that Gaolf could be one of the key molecules
for controlling differential response of striocsome-matrix
systems to D1R signaling in adult mice.

Accumulating evidence has shown that differential in-
volvement of the striosome-matrix dopamine systems
could be critical to identifying mechanisms underlying the
genesis of movement disorders such as Parkinson’s dis-
ease (Wilson et al., 1987; Moratalla et al., 1992; Graybiel
et al., 2000; Iravani et al., 2005; Crittenden et al., 2009)
and dystonias (Sato et al., 2008). It has also been sug-
gested that a significant change in striatal Gaolf expres-
sion is strongly linked with the induction of the hypokinetic
or hyperkinetic state in models of striatal dopamine defi-
ciency in both animals (Herve et al., 1993, 2001; Marcotte
et al., 2001; Cai et al., 2002) and humans (Corvol et al.,
2004). Moreover, an important finding indicates that the
striatal level of Gaolf serves as a key regulator for acute
responses to psychomotor stimulants (Corvol et al., 2007).
Taken together, we suggest that striosomal enrichment of
the Gaolf protein may give new insights in the compart-
ment pathology of striatal dopamine systems in movement
and behavioral disorders.
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The biological activity of various types of botulinum toxin has been evaluated using the
mouse intraperitoneal LDsg test (ip LDsg). This method requires a large number of mice to
precisely determine toxin activity, and so has posed a problem with regard to animal
welfare. We have used a direct measure of neuromuscular transmission, the compound
muscle action potential (CMAP), to evaluate the effect of different types of botulinum

neurotoxin (NTX), and we compared the effects of these toxins to evaluate muscle relax-
Keywords: E & Lra, R .
Hotils G tosin ation by employing the digit abduction scoring (DAS) assay.
CMAP This method can be used to measure a broad range of toxin activities the day after
administration. Types A, C, C/D, and E NTX reduced the CMAP amplitude one day after
administration at below 1 ip LDsp, an effect that cannot be detected using the mouse ip
LDsg assay. The method is useful not only for measuring toxin activity, but also for eval-
uating the characteristics of different types of NTX. The rat CMAP test is straightforward,
highly reproducible, and can directly determine the efficacy of toxin preparations through
their inhibition of neuromuscular transmission. Thus, this method may be suitable for
pharmacology studies and the quality control of toxin preparations.

© 2009 Elsevier Ltd. All rights reserved.

Mouse ip LDsg
Neuromuscular transmission

1. Introduction

Clostridium botulinum produces toxins that have been
classified into 7 serotypes, A-G, based on their immuno-
logical characteristics (Sakaguchi, 1983). The toxins act on
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0041-0101/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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neuromuscular junctions and induce muscle relaxation by
inhibiting acetylcholine release (Sakaguchi, 1983; Jahn and
Niemann, 1994). The toxins cause muscle flaccidity, and
have recently been utilized to treat spasm in myotonus and
dystonia (Jankovic, 2004). Type A and B toxins were
approved as drugs for treatment, and are clinically applied.
Type C, E, and F toxins have been used in clinical studies
(Mezaki et al., 1995; Eleopra et al., 1997, 1998, 2004). The
toxins cleave SNARE proteins (i.e., SNAP-25, synaptobrevin,
and syntaxin), which fuse to the synaptic vesicle and nerve
cell membrane, blocking neuromuscular transmission by
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inhibiting the release of acetylcholine from synaptic vesi-
cles. The different types of toxin are selective for specific
SNARE proteins. Type A and E toxins cleave SNAP-25, type B
toxin cleaves synaptobrevin II, type C toxin cleaves syntaxin
and SNAP-25, and type D, F, and G toxins cleave synapto-
brevin I and II. The cleavage sites for each toxin differ, even
when toxins cleave the same protein (Montecucco and
Schiavo, 1994; Schiavo et al., 2000).

The biological activity of botulinum toxins has been
evaluated using the mouse intraperitoneal (ip) LDsq test
(Pearce et al., 1994). This method is not an assessment of
toxin efficacy, which is the inhibition of neuromuscular
transmission, but of lethality due to respiratory muscle
paralysis caused by the toxin. In this method, the results
vary due to the individual sensitivity of mice against toxins,
and many mice are required to ensure sufficient accuracy
levels for the quality control of preparations. Therefore, the
method has posed a problem with regard to animal welfare.
International meetings on alternative methods for animal
testing have been held, and replacements for the mouse ip
LDsq test have been discussed (Straughan, 20086). The 3 Rs
(refinement, reduction, and replacement) have been
proposed for alternative methods, and alternative in-vitro,
ex-vive, and. in-vivo test systems have been investigated.
The in-vitro test system, ELISA, determining the endopep-
tidase activity, does not use animals, but the sensitivity is
lower than the mouse bioassay (Hallis et al., 1996; Wictome
et al., 1999). This method could determine only light-chain
activity in many cases, and the inaccurate determination of
toxin function has been reported. The ex-vivo test system
using the mouse phrenic nerve-hemidiaphragm is sensi-
tive, but it requires a skilled technique, and has a low
reproducibility (Bigalke et al,, 2001; Yoneda et al., 2005).
The in-vivo test systems, such as the digit abduction scoring
(DAS) and local flaccid paralysis assays, use scores for
evaluation (Aoki, 2001; Takahashi et al, 1990; Sesardic
et al., 1996). The methods of evaluation involved scoring,
and so they have a disadvantage in that the obtained data
are discrete quantities. As each test systems has disadvan-
tages; no alternative method has been established.

We attached a greater importance to the following point
in devising an alternative method to determine the activity
of botulinum toxin: The potency of botulinum toxin should
be evaluated based on their pharmacological effect of
inhibiting neuromuscular transmission, and not based on
their lethal activity, as in the mouse ip LDsgp assay. There are
several test systems to evaluate the inhibition of neuro-
muscular transmission, and we focused on the measure-
ment of the compound muscle action potential (CMAP)
used for the diagnosis of various nervous disorders. The
CMARP is generated by the contraction of muscle fibers; the
microcurrent generated by muscle contraction is amplified
and recorded. Botulinum toxin affects nerve endings to
suppress neurotransmission. Therefore, by determining the
CMAP amplitude, the action of the toxin suppressing the
transmission of electric stimulation to the muscle can be
shown numerically. CMAP measurement is utilized by the
extensor digitorum brevis (EDB) test, which checks the
response to the toxin before treatment in patients who
might have antibodies to the botulinum toxin (Kessler and
Benecke, 1997). It was reported that the CMAP amplitude

was measured in the rat gastrocnemius muscle which was
injected several times with botulinum toxin (Cichon et al.,
1995). The CMAP amplitude decreased as the toxin activity
increased, but quantitative determination of the toxin was
not carried out.

In this study, based on this previous CMAP study, we
investigated the quantification of biological activity (effect
of neuromuscular transmission blockage) by different types
of botulinum toxin. We also compared toxins with an
inhibitory effect on neuromuscular transmission. In addi-
tion, we investigated the muscle flaccidity-inducing effect
of the toxins, compared CMAP data, and the overall effect of
the toxins.

2. Materials and methods
2.1. Preparation of toxin

Botulinum neurotoxin type A, B, C, /D, D, E, and F
(150 kDa, NTX) were prepared using modified culture and
purification methods, as previously reported (Sakaguchi
etal,, 1981). C. botulinum type A A2, type B Okra, type C CB-
19, type C/D 003-9, type D 1873, type E 35396, and type F
Langeland were used. For type A, B, E, and F organisms, PYG
medium containing 2% peptone, 0.05% yeast extract, 0.5%
glucose, and 0.025% sodium thioglycolate was used. For
type C, /D, and D organisms, a basic medium containing
0.8% glucose, 0.5% starch, 1.0% yeast extract, 1.0% ammo-
niumn sulfate, and 0.1% cysteine hydrochloride salt was
used, and cooked meat (6 g) and 0.5% calcium carbonate
were added to 100 mL of the basic medium. The organisms
were cultured by allowing them to stand at 30 or 37 °C for
2-3 days. Culture fluid was purified by acid precipitation,
protamine treatment, ion-exchange chromatography, and
gel filtration of M toxin. M toxin was adsorbed to a DEAE
Sepharose column equilibrated with 10 mM phosphate
buffer, and eluted with a 0-0.3 M NaCl gradient buffer for
NTX and non-toxic protein separation. Each NTX was stored
at —70°C until use.

2.2. Experimental animals

Female ICR/CD-1 mice (4 weeks of age, about 20g,
Charles River Laboratories 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
LDsg and CMAP tests, 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 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 LDsg of each NTX was determined following ip
injection into mice (Pearce et al., 1994). Seven doses with
a dilution factor of 1.25 were used to determine the LDsp,
and 20 animals were used per dose. Mice were evaluated
for the first 96 h after administration, and the LDsg was
calculated by the probit method.
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2.4. CMAP measurements

The different types of NTX were serially diluted with
physiological saline containing 0.5% human serum
albumin. The following dilutions were prepared: 0.1-300 ip
LDsg/mL type A, 100-1 x 10° ip LDso/mL type B, 1-10,000 ip
LDso/mL type C, 0.3-100 ip LDsp/mL type C/D, 300-1 x 10°
ip LDsg/mlL type D, 1-3000 ip LDsg/mL type E, and 10-
10,000 ip LDsg/mL type F. Rats were anesthetized with an ip
injection of pentobarbital sodium (Kyoritsu Seiyaku, Tokyo,
Japan). After the eyelid reflex disappeared, the left hind leg
was shaved, and 0.1 mL of an NTX dilution was injected into
the gastrocnemius muscle of five animals.

The CMAP was measured using a Nicolet Viking Quest
(Viasys Healthcare, Tokyo, Japan). Rats were anesthetized and
fixed in the prone position. The electrode employed was an
alligator clip lead wire (Viasys Healthcare, Tokyo, Japan). The
stimulating electrode was placed on the root of the spinal
cord, the recording electrode was positioned on the belly
muscle of the left hind gastrocnemius muscle, the reference
recording electrode was placed on the left hind gastrocne-
mius tendon, and the earth electrode was positioned on the
tail root. Electric stimulation was given at 25 mA for 0.2 ms.
The CMAP of anesthetized rats was measured before (0) and
1, 2,4, 7, and 14 days after administration.

To investigate whether the CMAP amplitude can accu-
rately reflect the inhibition of neuromuscular transmission
by botulinum toxin, we evaluated muscle relaxants with
different mechanisms of action, nondepolarizing neuro-
muscular blocking drug, d-tubocurarine (d-Tc, Wako, Osaka,
Japan), and a depolarizing neuromuscular blocking drug,
succinylcholine (SCC, Wako, Osaka, Japan). d-Tc is an
antagonist of nicotinic neuromuscular acetylcholine
receptors, and provides muscle relaxation by competitive
inhibition of acetylcholine. SCC is binding to the nicotinic
acetylcholine receptor, and is opening of the receptor’s
nicotinic sodium channel; a disorganized depolarization of
the motor end plate occurs. SCC is not hydrolyzed by
acetylcholinesterase, and occurs to persistent depolariza-
tion. The receptor’s nicotinic sodium channel is inactivated.
When acetylcholine binds to an already depolarized
receptor it cannot cause further depolarization. As a result,
SCC provides muscle relaxation. So, d-Tc and SCC are relaxed
muscle by neuromuscular transmission inhibitory as botu-
linum toxin. d-Tc and SCC were serially diluted 3-fold to
yield 0.1-0.9 and 1-9 mg/mlL, respectively. Each drug dilu-
tion (0.1 mL) was injected into caudal vein of five animals.
Electrodes were attached as described above, and the CMAP
amplitude was measured for the left hind leg of each ratat 3
and 2 min after d-Tc and SCC administration, respectively.
The rats underwent the insertion of a tracheal tube to
maintain respiration after drug administration. The respi-
rator was delivered by SN-480-7 (Shinano manufacturing
Co., Tokyo, Japan). Tidal volume was set on the respirator at
2 ml and respiratory frequency at 70 breaths/min.

2.5. Digit abduction scoring assay (DAS assay)
The different types of NTX were compared using the

DAS assay (Aoki, 2001), which has been reported to assess
the muscle flaccidity-inducing effect of botulinum toxin

preparations. In the assay, mice received toxin injection
into the gastrocnemius muscle, and the muscle flaccidity-
inducing effect of the toxin was determined by the degree
of digit abduction. The peak DAS responses were observed
on Day 2 or 3 post-injection. The DAS assay was modified
for rats, and carried out two days after NTX administration.
For negative control, rats were injected with dilution
solution (physiological saline containing 0.5% human
serum albumin). Rats were suspended by the tail, and the
degree of digit abduction in the toxin-treated leg was
scored on a 5-point scale by an observer who was masked
as to the treatment: score 0= normal leg extension, and
digit abduction equivalent to the contralateral side; score
1 =normal leg extension, but digit abduction differed from
the contralateral side or two digits in contact while the
other digits completely abducted; score 2 =leg extended,
but weak abduction of all digits or three digits in contact;
score 3 = leg extended without digit abduction, or leg bent
with four digits in contact; score 4 = leg bent with no digit
abduction.

2.6. Statistical analysis

The waveforms of a single CMAP were converted to
2000 dots using electromyograph software, and the coor-
dinates of the dots were converted to numbers. The
distance between the top and bottom of the waveform was
measured as the CMAP amplitude. Statistical analysis for
neurotoxin (SAN, ver. 1.07, self made soft) was used to
analyze the CMAP amplitude. SAN was created to store raw
data of the CMAP amplitude and perform various statistical
analyses (i.e., t-test, regression analysis, parallel line anal-
ysis, and correlation coefficient).

For time course of CMAP amplitude, the MULTTEST
procedure of contrast statement was performed using SAS
(ver. 9.1).

To determine whether the inhibitory effect on the
neuromuscular transmission of each NTX was quantifiable,
ip LDsp data were plotted versus CMAP amplitudes, and the
linearity of the regression line was confirmed by regression
analysis.

To evaluate the efficacy of each NTX, the regression line
of each NTX was calculated for the peak of the effect, as
identified above. Regression lines were used to calculate
the doses causing 50% (injection site) and 20% (contralat-
eral site) reductions in the CMAP amplitude, and these
values were termed the Effective Dose 50 (EDsg) and Toxic
Dose 20 (TDyp), respectively.

For d-Tc and SCh of the data, the Jonckheere-Terpstra
trend test was performed using SAS (ver. 9.1).

3. Results

3.1. Dose-dependent effects of the different NTX types on the
CMAP amplitude

The CMAP amplitude was measured to compare the
inhibition of neuromuscular transmission at the site of
toxin administration. In all types of NTX, the CMAP
amplitude decreased depending on the concentration of
the ip LDsq. Following the administration of type B, C, C/D,
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and D NTX, the CMAP amplitude in the left hind leg was
reduced for four days at all dose, and was recovered
thereafter at type B of or more 30 ip LDsq, type C and type Cf
D of all dose and type D of 100-10,000 ip LDsq. Following
type A, E, and F NTX administration, the CMAP amplitude
was reduced for two days and recovered thereafter at type
A of 0.03-3 ip LDsp, type E of or more 1 ip LDsg, and type F of
or more 10 ip LDsq (Fig. 1). After the administration of type
A, B, C, C/D, D, and F NTX, the CMAP amplitude in the
contralateral leg was reduced for four days at type A of
more 3 ip EDsg, type B of 10,000 ip LDsg, type C of or more
30 ip LDsp, type C/D of or more 3 ip LDsq, type D of 100,000
ip LDsp, and type F of or more 3000 ip LDsg, and subse-
quently recovered at type A of 10 ip LDsg, type B of or more
3000 ip LDsg, type C of 300 ip LDsp, type C/D of or more 3 ip
LDsp, type D of 100,000 ip LDsq, and type F of 10,000 ip
LDsg, respectively. Following type E NTX administration,
the CMAP amplitude was reduced for two days at or more
100 ip LDsgp and recovered thereafter at 300 ip LDsq (Fig. 2).

3.2. Analysis of the CMAP amplitude after the different NTX
types were administered

Type A, C, C/D, and E NTX reduced the CMAP amplitude
in the toxin-injected limb below 1 ip LDs5p one day after
administration. Regression analysis revealed that the CMAP
amplitude for type A, B, C, C/D, and D of NTX on days 1, 2, 4,
7, and 14 and type E and F of NTX on days 1, 2, and 4
following administration was related to the LDsq concen-
trations dose-dependently, and linearity was noted when
the logit-transformed CMAP amplitude was plotted against
the log ip LDsq. Although each NTX varied regarding its
LDsg value for the reduction of the CMAP amplitude, the
linearity range of all types of NTX was from the minimum
ip LDsg to about 10 fold (Table 1), Parallel line analysis of
the regression lines was performed for each NTX on days 1,
2 and 4, followed by Tukey's test. The regression lines for all
types of NTX showed parallelism, except for type C NTX
(data not shown).

3.3. Inhibitory effect of the different NTX types on
neuromuscular transmission

To compare the inhibition of neuromuscular trans-
mission by the different types of NTX, the EDsq was defined
as the dose that decreased the CMAP amplitude to 50% of
the pre-toxin level, and was calculated for the peak effect at
each dose. The EDsg rank order of NTX was type
D>B>F>E>C>(C/D>A. Type ANTX was most potent to
reduce the CMAP amplitude, and type D NTX was lowest
potent (Table 2).

3.4. Comparison of diffusion to the contralateral site and
safety index of the different types of NTX

To compare diffusion to the contralateral site of the
different types of NTX, the CMAP amplitude was measured
in the right hind leg. The TDyp was defined as the dose that
decreased the CMAP amplitude to 20% of the pre-toxin
level and was calculated to assess the peak effect at each
dose. The TD,;¢ value rank order of NTX was type

D>F>B>C>E>A>C/D. Type C/D NTX was most potent
to diffuse to the contralateral site, and type D NTX the
lowest potent. The ratio of TD2o/ED5q was calculated for
each NTX, and is expressed as the safety index. The safety
index rank order of NTX was type F>C>D>E>A>(/
D > B. The results revealed that type F NTX showed the
widest safety index and was hard to diffuse, and type B NTX
the narrowest index and was prone to diffuse (Table 2).

3.5. Changes in CMAP amplitude induced by muscle relaxants
(d-Tc and SCh}

To investigate whether the CMAP amplitude can accu-
rately reflect the inhibition of neuromuscular transmission
by botulinum toxin, we evaluated muscle relaxants with
different mechanisms of action. The average CMAP ampli-
tudes in groups treated with 0.01, 0.03, and 0.09 mg d-Tc
were reduced to about 78, 15, and 2% of that in the vehicle
group, whereas those in the groups treated with 0.1, 0.3,
and 0.9 mg SCh were reduced to about 68, 12, and 1%,
respectively. Differences were significant for both d-Tc and
SCh (p<0.0001; Jonckheere-Terpstra trend test). The
muscle relaxants induced a dose-related decrease in the
CMAP amplitude, similar to botulinum toxin, indicating
that the CMAP test can be used to evaluate the inhibition of
neuromuscular transmission.

3.6. Comparison of muscle flaccidity induced by the different
types of NTX

To compare the muscle flaccidity-inducing effects of the
different types of NTX, we evaluated them using the DAS
assay. When the log of the ip LDsp and median DAS score were
plotted on the horizontal and vertical axes, respectively, the
reaction curves for each NTX showed dose-dependent line-
arity. The required toxin value rank order of NTX for muscle
flaccidity was type B=D>F>E>A=C=C[D. Type A, C,
and C/D NTX were most potent to exhibit a muscle flaccidity-
inducing effect, and type B NTX was lowest potent (Fig. 3).
The ip LD5g dose necessary to achieve a score of 1 in the DAS
assay was greater than that required to reduce the CMAP
amplitude,

4. Discussion

The neuromuscular transmission inhibitor (d-Tc and
SCC) with different mechanisms of action to the botulinum
toxin induced a dose-related decrease in the CMAP
amplitude. This result indicated that the CMAP amplitude
reflected the inhibition of neuromuscular transmission
caused by the muscle flaccidly-inducing effect of the drug.
The results generated by the CMAP test are continuous
data, whereas those of the mouse ip LDsq method and
scores are discrete data. ]

We used the rat CMAP test to determine the toxin
activity of different NTX types. Type A and C/D NTX reduced
the CMAP amplitude one day after administration at 0.01
and 0.03 ip LDsp, respectively. In contrast, 10 ip LDsq of type
B NTX were needed to reduce the CMAP amplitude. Type A,
C, C/D, and E NTX required a dose of 1 ip LDsg or below, and
the CMAP method was more sensitive than the mouse ip
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Fig. 1. Dose-response of the CMAP amplitude with the different NTX types at the injection site, Rats received botulinum toxin into left gastrocnemius muscle
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Table 1
Linearity ranges on regression analysis of the CMAP amplitude after the administration of type A to F NTX.
Type Linearity range
(ip LDso)
1 day (R?) 2 day (R?) 4 day (R?) 7 day (R?) 14 day (R?)

0.01-30 (0.979)
10-10,000 (0.932)
0.1-100 (0.957)
0.03-10 (0.964)
30-30,000 (0.942)
0.1-30 (0.930)
1-300 (09.37)

0.01-10 (0.971)
10-10,000 (0.954)
0.1-30 (0.957)
0.03-10 (0.980)
30-30,000 (0.953)
0.1-30 (0.928)
1-300 (0.954)

10-10,000 (0.949)

30-10,000 (0.958)

0.01-10 (0.966) 0.01-10 (0.954)
10-10,000 (0.950)

0.1-30 (0.968)

0.01-10 (0.959)
10-10,000 (0.915)
0.1-100 (0.946)
0.03-3 (0.962) 0.03-10 (0.963)
30-10,000 (0.949) 30-30,000 (0.937)
0.3-100 (0.915) - =
10-300 (0.956) = o

0.1-30 (0.955)
0.03-3 (0.968)

Mmoo 0w >
o

R?: multiple correlation coefficient.

Table 2
EDsg, TD,g, and safety index values for type A to F NTX.

Type EDsq’ (ip LDso)

TD,o® (ip LDsg)  Safety index (TDao/EDso)

A 0.09 Lo/ 18
B 167 1226 7
(c 0.54 385 718
C/D 0.13 1.38 11
D 206 36,433 177
E 0.85 50 59
F 4.67 3772 808

2 EDso, dose which caused a 50% reduction of the CMAP amplitude.
b TD,q, dose which caused a 20% reduction of the CMAP amplitude.

LDsq assay. However, in type B, D, and F NTX, the CMAP
method was less sensitive. These results suggest that mice
and rats show a different sensitivity to toxins. The results
indicated an advantage whereby the method can be used to
measure a broad range of toxin activities on the day
following administration.

The rat CMAP test is useful not only for measuring
toxin activity, but also for evaluating the characteristics
of the neuromuscular transmission-inhibitory effect of
different NTX types. To assess whether the neuromuscular
transmission-inhibitory effect was correlated with the

3 Jei ¥
P

1,000 10,000 100,000

(%)

Digit abduction scoring

—

ip LDg,

~O-Type A, C,andC/D  =&=Type F

—@—Type E ~—&— TypeB and D

Fig. 3. Comparison of the muscle flaccidity-inducing effect of type A to F
NTX on digit abduction in rats two days after administration. The scores
indicate the median of each dose, n=>5.

muscle flaccidity-inducing effect, the latter effect of the
different NTX types was compared using the DAS assay. The
neuromuscular transmission-inhibitory effect (EDsp) using
the CMAP test was compared to that using the DAS assay,
and all types of NTX showed a correlation between the
effect of the inhibition of neuromuscular transmission and
the potency of muscular flaccidly, except type C NTX. The
EDsg of type C NTX showed a higher dose than that of type
A and C/D NTX; however, the effect of flaccid muscle
paralysis was the same. The toxins cleave SNARE proteins
(i.e., SNAP-25, synaptobrevin, and syntaxin), which fuse to
the synaptic vesicle and nerve cell membrane, blocking
neuromuscular transmission by inhibiting the release of
acetylcholine from synaptic vesicles. This suggested the
possibility that the muscle-relaxing effect of type C NTX is
caused not only by the inhibition of neuromuscular trans-
mission through the cleavage of SNARE proteins, but also by
other action mechanisms (i.e., the effect on the muscle).

Assuming that the findings can be extrapolated to
humans, type A and C NTX might show a higher efficacy
and safety than other types of NTX as muscle relaxants.
Type A NTX showed the strongest effect on the inhibition of
neuromuscular transmission and muscle flaccidity, having
longer-lasting effects than type B NTX. Type A NTX showed
a higher sensitivity than the other types of NTX in humans,
and so might be the most suitable as a muscle relaxant.
However, the results suggested that type A NTX has the
disadvantage that it is prone to diffuse compared to the
other types, except for type B and C/D NTX. Type C NTX
might be the most suitable for relaxing a particular muscle,
because it showed a potent muscle flaccidity-inducing
effect and diffuses less than the other types. A dose inha-
lation toxicity study in monkeys showed equivalent effects
between type A and C NTX (LeClaire and Pitt, 2005). In
a clinical study, it was reported that type C had a muscle-
relaxing effect equivalent to that of type A NTX (Eleopra
et al., 1997; Eleopra et al. 2004).

Recently, type C, E, and F toxins have been tried as
treatments for various diseases. The inhibitory effect of
type E NTX on neuromuscular transmission was the fourth
strongest after type A, C, and C/D NTX. The safety index of
type E NTX was ranked fourth after type F, C, and D, and the
duration of the effect of type E NTX was the shortest. It was
reported that the muscular flaccidity-inducing effect of
type E and F toxins was of a short duration in humans,
similar to the result in this study. Since an effect of type E
toxin on the central nervous system was reported (Bozzi
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et al,, 2006), the toxin may be of use in diseases of the
central nervous system. In the future, the other NTX except
types A and B may be applied to treatment, and they might
be approved as new drugs.

In this study, the rat CMAP test was able to quantify the
toxin activity of types A-F toxin. This method is applicable
to different types of botulinum toxin preparation which
might be marketed, and aids in quality control. This method
is useful for evaluating the pharmacological effects of
muscle relaxants.
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Botulinum toxins have recently been developed and
used in the treatment of blepharospasm, spasmodic torti-
collis, dystonia, pain, and urological disorders (Jankovic,
2004; Truong and Jost, 2006; Casale and Tugnoli, 2008).
The toxins show a high-level efficacy at very low doses, and
are widely used in medical treatment. Resistance to the
toxin was reported in some patients who received repeat
high-dose (>100 mouse ip LDsg per injection cycle) toxin
therapy over a long period of time (Borodic et al., 1996;
Sesardic et al., 2004; Dressler, 2004). This reduced thera-
peutic response was reported to lead to the development of
neutralizing antibodies in the patients. The potency of
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neutralizing antibodies in the serum of patients is
measured using the mouse neutralization test (Hatheway
et al., 1984). This method is based on the LDsg assay, which,
in turn, is based on the number of surviving mice typically
96 h after the intraperitoneal (ip) injection of a fixed lethal
dose of toxin premixed with different amounts of antitoxin.
The antitoxin titer in the sample is expressed relative to
that of the standard botulinum antitoxin. The detection
limit of this method is reported to be about 10-100 mU/mL
(Sesardic et al., 2004; Byrne et al., 1998). A reduced ther-
apeutic response in certain patients was reported to be
caused by minute amounts of antibodies which could not
be detected by the mouse neutralization test (Sesardic
et al., 2004). To detect neutralizing antibody presence in
patients, a highly sensitive assay for neutralizing anti-
bodies is needed. We reported quantitative of biological
activity of botulinum toxin using the compound muscle
action potential (CMAP) (Torii et al., submitted for
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publication). CMAP measurement is utilized by the
extensor digitorum brevis (EDB) test, which qualitatively
assesses the response to the toxin before treatment in
patients who might possess antibodies against the botu-
linum toxin (Kessler and Benecke, 1997). Based on the EDB
test, we investigated a highly sensitive quantification
method for botulinum toxin-neutralizing antibodies in
animal and human sera. In addition, we investigated
whether the CMAP neutralization test was able to detect
antitoxin in patient's serum, and we compared detection
capability of this method, mouse neutralization test and
ELISA.

Botulinum neurotoxin types A, B, E, and F (150 kDa,
NTX) were cultured and purified using a previously
reported method (Sakaguchi et al, 1981; Torii et al.,
submitted for publication). Equine-derived Japanese stan-
dard botulinum antitoxin types A, B, E, and F (National
Institute of Infectious Diseases, Tokyo, Japan) were each
used as a standard. One unit (U) of corresponding type of
standard botulinum antitoxin neutralizes 10,000 mouse
intraperitoneally (ip) LDso of toxin types A, B, F or 1000
mouse ip LDsq of toxin type E (Jones et al., 2006). The sera
of seven patients resistant to treatment with the botulinum
LL toxin (BOTOX®, Allergan, Irvine, US.) were collected
after informed consent was obtained. For the negative
control, sera were collected from one volunteer who did
not receive any treatment of botulinum toxin. For the
positive control, sera were collected from one volunteer
who had been immunized three times with the botulinum
tetravalent (A, B, E, and F) toxoid. CMAP neutralization test
was performed using a modification of a previously report
method of CMAP test using female S/D rats (8 weeks of age,
Charles River Laboratories Japan, Yokohama, Japan) (Torii
et al., submitted for publication). Modification was using
mixture which botulinum antitoxins and test toxins in
place of toxins. Mixtures were prepared as follows: the
standard botulinum antitoxin and various sera were seri-
ally diluted with physiological saline containing 0.5%
human serum albumin. The test toxins comprised NTX of
each type, at quantities whereby the CMAP amplitudes on
day 1 after injection were decreased to one quarter of those
before administration (type A: 10 mouse ip LDsg/mL, B:
60,000 mouse ip LD5p/mL, E: 60 mouse ip LDsp/mL, F: 600
mouse ip LDsp/mL). The type A of test toxin dose also was
set at 1 mouse ip LDsg/mL to increase the measurement
sensitivity. Equal volumes of the antitoxin or serum and
test toxin were mixed and reacted for 1h at room
temperature. The anesthetized rats were injected 0.1 mL of
a mixture into the left gastrocnemius muscle. The CMAP
amplitude of the left hind leg was measured before (0) and
24 h after injection. The mouse neutralization test was
performed using a previously reported method using
female ICR/CD-1 mice (4 weeks of age, Charles River
Laboratories Japan, Yokohama, Japan) (Torii et al,, 2002).
ELISA was performed using a modification of a previously
reported method (Torii et al., 2002). Modifications were
buffer using Tris Buffer containing 0.15 M Na(l, secondary
antibody using peroxidase-conjugated goat anti-human
IgG, IgA and IgM (Sigma, Tokyo, Japan) and substrate using
TMB Microwell Peroxidase Substrate (Kirkegaard and Perry

Laboratories Inc, Gaithersburg, U.S.). ELISA titers were -

- expressed in multiples of absorbance of the negative

control, and antibodies were considered to be detected by
ELISA when the absorbance of the sample was more than
twice that of the negative control. To determine whether
the neutralizing antibody of each type was quantifiable,
antibody potencies were plotted versus CMAP amplitudes,
and the linearity of the regression line was confirmed by
regression analysis using Statistical Analysis for Neurotoxin
(SAN, ver. 2.1, self made soft). To determine the antibody
titers of patients’ sera, the amplitude data of standard
botulinum antitoxin were calculated by regression analysis,
and the regression line was used as the calibration curve
using SAN.

The CMAP amplitude of each mixture of antitoxin and
test toxin (types A, B, E, and F) decreased along with the
antitoxin titer. For types A and E, regression analysis was
performed by plotting the logarithmic values of the CMAP
amplitude and antitoxin titer on the vertical and horizontal
axes, respectively, and linearity was noted within a range of
3-100 mU/mL in type A (R2=0.983) and 1-50 mU/mL in
type E (R?> = 0.989). For types B and F, the CMAP amplitudes
were plotted on the vertical axis, and the log values of the
antitoxin titer on the horizontal axis, and linearity was
noted within a range of 25-100 mU/mL in type B
(R* =0.953) and 3-50 mU/mL in type F (R*> = 0.974) (Fig. 1).
To increase the measurement sensitivity, the test toxin dose
was set at 1 mouse ip LDsp/mL in type A, and linearity was
noted within a range of 1-6 mU/mL (data not shown). This
method can be used to measure a broad range of neutral-
izing antibodies titers the day after administration. In this
study, the CMAP neutralization test demonstrated six
advantages over the standard technique. 1) The CMAP is
more sensitive than the mouse neutralization test. 2) The
CMAP neutralization test incorporates a concise procedure.
3) The CMAP neutralization test can determine the
neutralizing antibody titer within 24h; whereas,
the mouse neutralization test requires 4 days to obtain the
same results. 4) The CMAP neutralization test is highly
reproducible. 5) Only 20-30 animals are used in the CMAP
neutralization test, whereas more than 100 animals are
necessary in a single mouse neutralization test. In addition,
the rats are anesthetized during the test, and the amounts
of injected test toxin do not completely block neuromus-
cular transmission nor paralyze the muscles. 6) The CMAP
amplitude values obtained by the CMAP neutralization test
are a continuous quantity. Taken together, these advan-
tages indicate that this method is a useful substitute for the
mouse neutralization test.

We then investigated whether minute amounts of
neutralizing antitoxin present in patients’ sera could be
detected by the CMAP neutralization test. The neutraliza-
tion antibodies in seven patients who showed a reduced
therapeutic effect after repeated treatment with type A
botulinum LL toxin were determined by the CMAP
neutralization test, mouse neutralization test, and ELISA.
Using the CMAP neutralization test, all sera showed
a neutralizing antibody level of 3-50 mU/mL (Table 1). This
suggests that the cause of the reduced therapeutic effect
was the production of neutralizing antibody against
botulinum LL toxin. In contrast, the mouse neutralization
test detected neutralizing antibodies in sera from 1
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Fig. 1. Dose-response of CMAP amplitude of the test toxin mixed with standard botulinum antitoxin of each type. Rats received mixture of the antitoxin and test
toxin into left gastrocnemius muscle. CMAP amplitude was measured for the left hind leg of each rat on day 1 after administration. Each point is the mean + 95%

confidence intervals, n=5.

patient, showing a lower sensitivity than the CMAP
neutralization test. ELISA detected neutralizing antibody
presence in sera from 2 patients; however, ELISA titers
were not correlated with the potency of neutralizing
antibodies. This was because ELISA detected all antibodies
(including non-neutralizing antibodies) against type A
toxin. No antibodies were detected by these methods in
the negative control. The antibody titers in serum No. 7
and the positive control detected using the CMAP and
mouse neutralization tests showed similar values. Serum
No. 7 was also antibody-positive on ELISA (Table 1).
Comparing ELISA and the CMAP neutralization test, the

Table 1
Antibody titers of sera from patients and volunteers measured using the
mouse neutralization test, CMAP neutralization test, and ELISA.

Serum No. Mouse neutralization CMAP neutralization ELISA?
test (mU/mL) test (mU/mL)
1 <100 3 <2
2 <100 4 6
3 <100 4 <2
4 <100 4 <2
5 <100 4 <2
6 <100 § =2
7 ca)100 50 3
8 (Positive control) 200 190 13
9 (Negative control) <100 <1 <2

2 ELISA titer expressed in multiples of the measurement from the
negative control value.

correlation coefficient between the two assays was
R?=0.056 in all sera. No correlation could be identified
between these titers.

As mentioned above, the CMAP neutralization test can
be used for the detection of neutralizing antibodies in
patients who have received treatment with type A botu-
linum toxin. Botulinum toxin preparations for treatment
are used for various diseases in many patients. Since the
therapeutic dose of botulinum toxin is very low, its thera-
peutic effect may be lost by only minute amounts of anti-
bodies. For patients who show antibody presence, it may be
necessary to treat them with increasing toxin doses or to
change toxin types. The CMAP neutralization test may be
useful to assist in such a diagnosis.

The CMAP neutralization test is capable of detecting
minute amounts of neutralizing antibodies, not only
against type A toxin, but also against types B, E, and F. Type
A and B toxins have already been approved as formulations
for the treatment of various disorders, and are currently
being used in clinics. However, the effects of type E and F
toxins have only recently begun to be investigated in clin-
ical studies, and, in the future, these toxins may therefore
be approved as new drugs (Mezaki et al.,, 1995; Eleopra
et al., 1998, 2004). Thus, the ability of the CMAP test to also
detect small amounts of neutralizing antibodies against
type E and F toxins may be potentially useful for such toxin
formulations to be developed in the future. This method is
clinically applicable and useful as the measurement is
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simple and straight forward, using electromyographs
installed at clinical sites.

Acknowledgment

The present investigation was conducted with a part of
financial support from the Society for the Japan Health
Sciences Foundation.

Conflicts of interest

The authors declare that there are no conflicts of
interest.

References

Borodic, G., Johnson, E., Goodnough, M., Schantz, E., 1996. Botulinum
toxin therapy, immunologic resistance, and problems with available
materials. Neurology 46 (1), 26-29.

Byrne, M.P,, Smith, TJ., Montgomery, V.A., Smith, LA,, 1998. Purification,
potency, and efficacy of the botulinum neurotoxin type A binding
domain from Pichia pastoris as a recombinant vaccine candidate.
Infect. Immun. 66 (10), 4817-4822.

Casale, R, Tugnoli, V., 2008. Botulinum toxin for pain. Drugs R. D. 9 (1),
11-27.

Dressler, D., 2004. Clinical presentation and management of antibody-
induced failure of botulinum toxin therapy. Mov. Disord. 19 (Suppl. 8),
$92-S100.

Eleopra, R, Tugnoli, V., Rossetto, O., De Grandis, D., Montecucco, C., 1998.
Different time course of recovery after poisoning with botulinum
neurotoxin serotypes A and E in human. Neurosci. Lett. 256 (3),
135-138.

Eleopra, R., Tugnoli, V., Quatrale, R., Rossetto, O., Montecucco, C., 2004.
Different types of botulinum toxin in humans. Mov. Disord. 19 (Suppl.
8), $53-559.

Hatheway, CH,, Snyder, J.D., Seals, J.E., Edell, TA., Lewis Jr, G.E., 1984.
Antitoxin levels in botulism patients treated with trivalent equine
botulism antitoxin to toxin types A, B, and E. . Infect. Dis. 150 (3),
407-412.

Jankovic, J., 2004. Botulinum toxin in clinical practice. ]. Neurol. Neuro-
surg. Psychiatr. 75 (7), 951-957.

Jones, R.G.A., Corbel, M., Sesardic, D., 2006. A review of WHO inter-
national standards for botulinum antitoxins. Biologicals 34 (3),
223-226.

Kessler, K.R., Benecke, R,, 1997. The EDB test - a clinical test for the
detection of antibodies to botulinum toxin type A. Mov. Disord. 12 (1),
95-99.

Mezaki, T, Kaji, R, Kohara, N, Fujii, H.,, Katayama, M., Shimizuy, T,
Kimura, J., Brin, M.F, 1995. Comparison of therapeutic efficacies of
type A and F botulinum toxins for blepharospasm: a double-blind,
controlled study. Neurology 45 (3 Pt 1), 506-508.

Sakaguchi, G., Ohishi, I, Kozaki, S., 1981. Purification and oral toxic-
ities of Clostridium botulinum progenitor toxins. In: Lewis, G.E.
(Ed.), Biomedical Aspects of Botulism. Academic Press, New York,
pp. 21-34.

Sesardic, D, Jones, R.G., Leung, T, Alsop, T, Tierney, R., 2004. Detection of
antibodies against botulinum toxins. Mov. Disord. 19 (Suppl. 8),
§85-591.

Torii, Y., Tokumaru, Y., Kawaguchi, S. Izumi, N, Maruyama, S,
Mukamoto, M., Kozaki, S. Takahashi, M., 2002. Production and
immunogenic efficacy of botulinum tetravalent (A, B, E, F) toxoid.
Vaccine 20 (19-20), 2556-2561.

Torii, Y., Goto, Y., Takahashi, M., Ishida, S., Harakawa, T., Sakamoto, T, Kaji,
R., Kozaki, S., Ginnaga, A. Quantitative determination of biological
activity of botulinum toxins utilizing compound muscle action
potentials (CMAP), and comparison of neuromuscufar transmission
blockage and muscle flaccidity among toxins. Toxicon, in press.

Truong, D.D,, Jost, W.H,, 2006. Botulinum toxin: clinical use. Parkinsonism
Relat. Disord. 12 (6), 331-355.




PHEARE, 73(5) : 472-477, 2010

= VA PZTIHTS
—— IR o R

Key Words : deep brain stimulation (DBS), globus pal
lidus internus (GPi), thalamus, dystonia

= S V)

VAP TRERNGHHERICLY, LIEL
RS IR ETORE P RE LSt &
YL ER AN, FORBBMEOLIY I
I CTREr 25T ES R TWAY, &
SICEFDORERRICE ) —k¥ & ko
LRTWS, =KV A =7 I3DYT32D & 9
BUEHRBREEV A P27 2B S IR mRET
HHRE , MEOKEY, TEMd L\t
TP T AR EOBE 7 REICET kR
EHRHNEZZ SR TWEDY, FOEHLREE
CHEBRVWELEFO IR o T, i,
RUETVA DT RBEESA =T 2BR{HS
PRBEENVPEETHEBRLEEIOATY
5.

VAN TOWEERE L TEYHRESKAO R
ZHEIEOES b £ TR EEERIEV T
Ev3nTwuiwy, ABKYYXAFEZOMHE
AFURTLBDOONER L TWAEY, BHEA
TEREOHAHBEITHEREBICREES LT
5. CRLDZERFRICEFHIA =T

—& Ik B W

EOIRFEICRBE AT A EICH T 5 b
FSave LTBERLLOFRERFHRTH
5. AT, WEBRPHE (globus pallidus inter-
nus . GPI) DRI (deep brain stimulation :
DBS)#i & RS P A b = 7 Iah T B @ AR
DHERERBNT 5.

IRRVHHIEAZ D RIR

ENRFEROBEFEELVELE, VAT
ERECIIBUR LR REAMBH & S ikl
HRFHAS1990FAITIRIE & & 5 ¥ CRPURT
WHEEOFREMETELY, LiL, BETR
MEEVAPZTOYTE LTI o TEWS
B LAVECHL, F A1 S L 22K
WERE PO E LRt 7V R T,
BERD? L ORI ABERICHS LZhEAL
TEIKBCEHOBRE AT L T a2,
GPi & DM EATHICHEANRST T 5D L [F
ES, T RPN B o (B & % S I B
(pedunculo-pontine nucleus : PPN) 7z & il
BIPIEANERRS L, R8s X UCHRELEEO
BHOBEXEOAML I BLEZ LR TVED,
LDt T, EIRBREDRMEN IR b= TFiX
BURFM CTHBETRE TS 5 4%, Flh% &40
LA ERT VA DT RERPH

* The effect of deep brain stimulation for dystonia.

** Wataru SAKO, M.D. & Satoshi GOTO, M.D.: B KRB N~ F Vv Vi - YA M= THEN% Y ¥ — (@770
8503 1l B\ A T4 I 2-50-1) ; Parkinson’s Disease and Dystonia Research Center, Tokushima University

Hospital, Tokushima 770-8503, Japan.

Vg REBKFERERANNVAINA YA T AFFAR R, 2L EHE ; Departments of Clinical Neu-

roscience and ?Neurosurgery, Institute of Health Biosciences, Tokushima University, Graduate School of Medi-

cal Sciences, Tokushima, Japan.



Neurol, Med. Nov. 2010 73473
Thalamic surgery
A Dlstal
. appendicular: | —— i Cerebial cortex. | m— - Thalamus
.. musculature : Bl S B g, it il E

) .
‘Axial & proximal’ e 3 :

i . Mesencephalic* o5 : o

- - appendicular: | <m-{ : ]4.»;1

e musculature ;. ] - tegmental field e

Pallidal surgery

1 AREEHERDE LR NREET TV
GPir b D IR LT HICHRARE L, KBEE % 4 L Ol o L FBGRAE O E8) % 38
THELEDI, FTRAICPPNZ MUl &3 5 R OFTRANSHE L, B2 THROER /T~ X
EHEL TS, LHF T, ER EORMEDIA b =7 RPURFH CEMTET D 274,
FEME S UEB AR ERT VA P27 ICERERFRSER SRS,

Sha, £, 2%, S0t BirER by
ERFREBR L —RB VR =7 D% IEGPID
FEAIRERL, ERHICASNDRETHEY A
b =7 D3I Bfocal hand dystonia (FHD) T
XA RAME 4% (n. ventralis lateralis ;| VL) D
HASEHRTH B, BURKVLEIXVo-complex (Voa+
Vop) LM TH 5.

i, BRFHRCEBOVA b7 2HET
HDE—IRICHEETH S, Grenoble KED 7 )V —
TORBTIE, 2AOEREIA F=TREKC
3 L CHUR S EIE A (n. ventralis intermedius
Vim) {8l 2T o2& 25, DTS 5HICDH
EHTHY, TRBIEHEIA b= 72058
b REEOYBENF A LIE S ODEKEHERIC
BE oL BRSSP oIZEENRTWATY, [t
D LIRS % B v 72197640 Caoper
WENTTIREBREINRTWS, HWE T (sub-
thalamic nucleus : STN) DDBSHS&HEY X b
ST K LTHRTH o 72 kv 3 ERIRE A
R & 5. STN-DBSHParkinsond (PD) 24
TEFIHVA =T 2EEL) DT L% R
TR TE LD, WEZRBRIZL L, SIN-
DBSO VA b =T HEFENDIBHICOWTIIER
THERETHS ). LT, JAMTHT
B ENBEFHR OBALDER TH HGPiDBS % Huls
CERT 5.

GPi-DBSORIHERAL 5 & UM
GPUCIIDBSICHIE L 7-ARE AT 545,
ZHIIPDIER CHRACRMN SO DTH S (A
2). PDEFITIX(E 2-%), HERRORIECRE
i (rigidity) DEBH RSB L VAR FAFREMEI A
FAITOELMMF/LNDEH, LEFRD
) (akinesia) 1231 T 2R RIZHES N BEITE
B e EMpIRER ISP A & S, —F, ErEHiEo
T CiA 7B OWEEOWE L VAF 1
TTOFRBALND LRE SR TR, 5
HERVA TR0 I 4 TOT A =THE
B CEB L 28EE LTw s (K 2-4).
DF Y, HBEMHORPH TR IR =T HERD
HEE A LD, AEHRORB AT R b
ST OMER L UHEEN T ERETHIAF
AV TOHFEESHALNS, Lo T, YA b
= T CIBRIES: U 2B EAR o flEs

bob bRRMTHBEEIONS.
DBSO#R % -+ 1035 - ik LR OE )
LENCEBETABT A L IIUATH BN,
FOHROFBEHRAG b OFWFHENED
B#grbo.

FFLAAR B LTl iy R 86 & Eid e
A, TNETOREEbULLOEROERE
Fedl, —XkMEeHtt -  7HBEIA =T



73 1 474

MWRENF B73% H5 5

Parkinson disease Dystonia
¢ Anti-Parkinson efféct + Dystonia aggravation

# Dyskinesia induction + Dyskinesia induction
+ Improving rigidity
+ Dyskinesia suppression

+Worsens akinesia and
blocks levodopa benefit
for bradykinesia and gait

| + Dystonia suppression

Gk

m:g— Opic tract

Xl 2 GPi-DBSICEE$ 3 GPIDREESE
PD C i3 F 5 IR 0 i) 8 C S (rigidity) 0B WA W & LR FABBRETS AL
AT DEEMFBB OB H, LoF F ) (akinesia) (2813 A 2R IEHE
SNDHEFHLERINBIZRS L &h, --F, BFEROEScIEt 7# )
DVEBORBE IV AF AT TOFENFALNL LEENTVWE, VA 2TT
i, BEWRORKTIIVR b THEROYEE A S, WSNEBORE TS
VAT OMEB X USRI 2 EhE THVAF AT TOBENLLNS,

T 1~2 HOBER L 7= BEhro, FSEE
130~ 185Hz, B 0.8~ 3.8V, #i ¥ i§ 120 ~
450usecD B ORI H VLR TS, —FT
MeigefEfEEECIE, 60~145Hz A EAREER)
B, 1.0~5.2V, 120~ 450psec TR i< 13 BRI i
bEEfAEsh) 5.

ZXREEV A P =T bR RSN T H
5 Z L%\, pantothenate kinase-associated
neurodegeneration (PKAN) 12433 & 1L 5 B PIsk
BB R LM% B (neurodegeneration with
. . brain iron accumulation : NBIA) iZ60~215Hz,
1.0~5.0VE X Y EHE, BEESHwLRE
Ebdh, PALT-BET T b — CRIEMR
#60~150pusec & HBIRIZ & b/ & L, RISdEE
H130HzMEH S LT 5,

BRI L TR EGOmEEZH L
LR LT b T b, Morob D
Btk b E, 60HzE W2 A EEEHMEZEBE
PEROUE L B LBENDH D, 130HzDHH
BhobkdbIWHIEL D26 L), Fl#EEL
LEFTHRBELRFRHB L h o210,

TRTDIATOTVAPZTICBWTWED
ZETHDA, EPICLoTEI R F=THER
DRFFEE BRI U AN 54 H LD
THERLET L. HEAERREROIA =T
PGSR SN, BT L D 2 AW RIfE

APUER L2 WEBCRET S, il r
DRI SGHDBE{ LT LRIETH 5205, FHEE
Mz ol & U2 BRFIEL, 130Hz, 210usec,
2.0~3.0ViZ 450 o & S LA E ORISR T
b L,
—RESR =T

1. —RiELEE - DEIESX b7

DYTIBEFRENEI VA P=TIREHIC
GPi-DBSOERHEATR S e—RIEEHHED A b
STTHYIY, TORBEEZLNTWS,
Vidailhet® t¥, 22 ADDYT1% &tr—RIL 5
VR M=TICGPI-DBSE MiAT L, 1FERICH,
Burke-Fahn-Marsden Dystonia Scale (BEMDRS)
DMovement Score (MS), Disability Score (DS)
PENTIIFE D55%, 4% DEERTH o7
LS LY, BHEICEKupsch b2k b, DYTL
EC-RESSYE - FEBEIR b= T ICHT
LGPIDBSD T ¥ & MUBBOMEN R 8N, v
5 U A SRR O A R R R B At
DO BN, S 5 {TVidailhet S b, LIROIEH)
HE30ITBML, EBEREEERR 1ERIC
51% Tdh - 7ob%, 3ERICIXG8%E TER LT
EEIRLY, GPiDBSO—RMEEHH - Hitty
AT T BRI, F
7z, MBI0ERE L CHERPER L T b5



