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Table 4 Scores and summary statisﬁcs of TWSTRS-severity Scale (patient 2)

A "B C D E F . ‘Total
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. . _ A0-12 _ .
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‘Mean 3.7 1.7 1.0 0.1 0.2 6.6 9.3 1.1 0.9 2.5 35 24.0
Standard deviation . 0.5 0.7 0.8 0.3 0.4 1.6 1.0 0.4 06 08 13 3.0
" Maxintum 43 2 -1 9 10 2 2 4 4 30
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Table § lntraclass correlation coefﬁment of TWSTRS-
severity Scoré
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A~RTICLEINFO_ "ABSTRACT

The biological activity of various types of botulinum toxin has been evaluated using the
mouse intraperitoneal LDsq 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 potentlal (CMAP), to evaluate the effect of different’ types of botulinum
neurotoxin (NTX), and we ‘compared the effects of these toxins to'evaluate. muscle relax-
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Key'wf"ds" . ation by employing the digit abduction scoring (DAS) assay.
. Botulinum toxin
. . CMAP This method can be useéd to measure a broad range of toxin activities the day after

admlmstratxon Types A, C, C/D and E NTX reduced the CMAP amphtude one day after
admmlstratlon at below 1 ip LDsgg, an ‘effect that cannot be detected using the mouse ip
LDSO assay. The method is useful not only for measuring toxin activity, but also for eval- -
uating the charactenstlcs of different _types of NTX. The rat CMAP test is straightforward,
highly reproducible, and can directly determine the efficacy of toxin preparations througl
_ . _ their inhibition of neuromuscular transmission. Thus, this. method may be suitable for
! . : ' pharmacology studles and the quality control of toxin preparatlons
- ' : . © 2009 Elsevier Ltd All rights reserved.

Mouse ip LDsq )
Neuromuscular transmission

1. Introduction neuromuscular junctions and induce muscle relaxatlon by

[N

: y
Clostridium botulinum produces toxins that have been
classified into 7 serotypes A-G, based op their immuno-

loglcal characteristics. (Sakaguchl 1983). The toxins act on

“~
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inhibiting acetylcholme release (Sakaguchi, 1983; Jahn and

~ Niemann, 1994). Thé toxins cause muscle ﬂacc1d1ty and

have recently been utilized to treat spasm-in myotorius and
dystonia (Jankovic, 2004). Type A and B toxins were,

~ approved as drugs for treatment and are clinically applied.
- Type G, 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 syntaxm) which fuse to the synaptic vesicle and nerve

cell membrane blockmg neuromuscular transmlsswn 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, typeB  °

toxin cleaves synaptobrevin II, type C toxin cleaves syntaxin.
and SNAP-25, and type D, F, and G toxins cleave synapto-
brevin I and I1. The cleavage sites for each toxin differ, even
when toxins cleave the same protein (Monfecucco and
Schiavo, 1994; Schiavo et al,, 2000).

The biological actlvrty of botalinum toxins-has been .

evaluated using the mouse mtraperrtoneal (ip) LD50 test

(Pearce et al., 1994). This method is not an assessment of-

toxin efficacy, which is the inhibition of neurormuscular
transmission, but of lethality due to resprratory muscle

., paralysis caused by the toxin. In this method the results

vary due to the individual sensitivity of mice against toxins,
and many niice 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

"LDsg test have been discussed (Straughan, 2006). The 3 Rs

(refinement, reduction, and replacement) have been
proposed for alternative methods, and alternative in-vitio,
ex-vivo, and in-vivo test systems have been investigated.
The in-vitro test system, ELISA, determining the endopep-
tidase activity, does not use ammals but the sensitivity is
lower than the mouse bioassay (Halhs 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 fest 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 systéms, such as the digit abductron 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 mvolved scoring,
and so they have a dxsadvantage in that the obtained data
are discrete quantrtres 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 detérmine the activity
of batulinum toxin: The potency of botulinum toxin should
be evaluated based on. their pharmacological. effect of
inhibiting neuromuscular transmission, ahd not based on

* their lethal actrvrty, as in the mouse ip LDsg assay. There are’

several test systeriis to evaluate  the inhibition of neuro-

_ muscular transmission, and we focused on the measure-~

ment of the compound muscle dction potential (CMAP)
used for the diagnosis of various nervous disorders. The

. CMAPis generated by the contraction of muscle fibers; the

microcurrent generated by musele 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 decréased as the toxin activity
increased, but quantltatlve 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 nearomuscular 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 foxins, compared CMAP data, and the overall effect of

. the toxins.

C 2. Materials and methods

2.1. Preparation of, toxin

Botulinum_neurotoxin type A, B, C, é/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 throglycolate was used.. For

type C, C/D, and D organisms; a basic ‘medium containing

. 0.8% glucose; 0.5% starch, 1.0% yeast extract, 1.0% ammo-

nium 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,

protamme treatment, lon-exchange chromatography, and

* gel filtration of M toxin. M toxin was adsorbed to a DEAE
" Sepharose column equrhbrated ‘with 10 mM phosphate

buffer, and eluted with a 0-0.3 M Nacl’ gradrent buffer for
NTX and non-toxic protein separation. Each NTX was stored
at 70 °C until use.

2.2. Experimental ammals

Female ICR/CD-1 imice (4 weeks of age, ahout_20 2.
. 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 anid CMAP tests, re'spectrvely "Animals were main-
tained under controlled hght/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
Socrety and was approved by the Animal Ethics Commlttee

-of our institute.

2.3. Toxin activity (mouse ip LDsp): measi;remenrs

“The LDsg of each NTX was determined folloWihg 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 admlmstratron, and the LDsg was
calculated by the probrt method.
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2.4. CMAP measurements B

 The different types of NTX were serially diluted with

. physxologlcal saline containing 0.5% human serum
albumin. The following dilutions were prepared: 0.1-3001 ip,
" 1Dsp/mLtype A, 100-1 x10%1 ip LDso/mLtypeB 1-10,000ip

1.Dso/mL type C, 0.3-100 ip LDso/mL type C/D; 300~1 x 10°

‘ip LDsp/mL type D, 1-3000 ip LDsg/mL type E, and 10~

10,000ip LDsgllTlL type E Rats were anesthetized withan 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 1n]ected 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 gastrocnemxus 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 blockmg drug, d-tubocurarine (d-Tc, Wako, Osaka,

Japan), and a depolarizing -neuromuscular blocking’ drug,-
succinylcholine (scc, Wako, Osaka, Japan). d-Tc s an-
antagomst of nicotinic . neuromuscular acetylcholine -
receptors, and provides ‘muiscle relaxation by competitive -

inhibition of acetylcholine. SCC is binding to the nicotinic
acetylcholme receptor, and is opening of the receptor's
nicotinic sodium chanriel; a disorganized depolarization of
the motor end plate, occurs. SCC is not -hydrolyzed by

: acetylcholmesterase aind 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 depolanzatlon As a result,
SCC provides muscle relaxation. So, d-Tcand SCC are relaxed

- muscle by. neuromuscular transmission inhibitoty as botu-
linum toxin. d-Tc and SCC were serially diluted 3-fold to .
. yield 0.1-0.9 and 1-9 mg/mL, 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 eachratat 3

~ and 2 min after d-Tc and'SCC administration, respectively. ’
~ The fats 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.
25 Digit ab‘ductions‘eoring assay (DAS as-sc_z}})‘

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

' preparatlons In the assay, mice received toxin injection

into.the gastrocriemius 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
forrats, and carried out two days after NTX administration.
For negative control, rats were injected with dilution
solufion (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 dlffered from -
the contralateral side or two digits in contact whlle the
other digits completely abducted; score 2 =leg extended,
but weak abduction of all dlgltS or three digits in contact;
score 3 = leg extended w1thout digit abduction, or leg bent
with four digits in contact; score 4 =leg bent with no. d1g1t
abdtictlon . .

2.6. Stansacal 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 bottomn of the waveform was '
measured- as the CMAP amplitude. Statistical analysis for
neufotoxin (SAN, ver. 1.07, self made soft) was used to

" analyze the CMAP amplitude. SAN was created to store raw

data of the CMAP‘arnplitude and perform various statistical
analyses (i.e., t-test, regression analysis, parallel line anal-

-ysis,-and correlation coefficient).

For time course of CMAP arnphtude the MULTTEST

- procedure of contrast statement was performed usmg SAS

(ver.S.1).

To_determine whether. the mhlbltory effect on the
neuromuscular transmission of each NTX was quantifiable,
ip LDsg data were plotted versus CMAP amplitudes, and the
linearity of the regression line-was confirmed by regression
analysis. A

To evaluate the efﬁcacy of each NTX, the regresswn 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 (TDgp), respectively.

For d-Tc and SCh of the data, the jonckheere—Terpstra
trend test was performed using SAS (ver. 91).

3. Results

3.1 Dose—dependent effects of the’ dtfferent 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 moré 30 i  ip LDsg, type C and type C/
D of all dose and type D of 100-10,000 i ip LDsq. Followmg
type A, E, and F NTX administration, the CMAP amplitude
was reduced for two days-and recovered thereafter at type

* Aof 0.03-3 ip LDsg, type E of or more 1 ip LDsg, and type Fof

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 LDsg, type B.of 10,0001 ip LDsp, type C of or more
30 ip LDsg, type €/D of ormore 3 ip LDsg, type D of 100,000
ip LDso, and type F of or more 3000 ip LDsg, and subse-
quently recovered at typé A of 10 ip LDsg, type B.of or more

-3000 ip LDsg, type C of 300 ip LDsg, type C/D of or more 3 ip
" LDsg, type D of 100,000 ip LDsg, and type F of 10,000.ip

LDsp, respectively. Following type E NTX administration,
the CMAP amplitude was reduced for two days at or more

_ ‘100 ip LDsg and recovered thereafter at 300 ip LDsg (Fig. 2).

32 Analyszs of the CMAP amplltude after the dlfferent NIX
types were admmlstered h

Type A, C, C/D,and E ND'( redug:ed the CMAP amplitude
in the toxin-injected limb below 1 ip LDsg one day after
administration. Regression analysis revealed that the CMAP
amphtude for type A, B, C, C/D, andDof NTX on days 1,2, 4,
7, and 14 and type E and F of NTX on days 1, 2, and 4

. fo]lowmg administration was related to the LDsg concen-

trations dose-dependently, and linearity was noted when
the logit-transformed CMAP amplitude was plotted against
the log ip LDsg. Although each NTX varied regarding its

LDsq value for the reduction of the CMAP amplitﬂde ‘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 forall -

types of NTX showed parallehsm, except for type C NTX

-(data not shown).:

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

To conipaire the inhibition of neuremuscula.r trans-
mission by the different types of NTX, the EDsg was defined

as the dose that decreased the CMAP anmiplitude to 50% of .

the pre-toxin level, and was calculated for the peak effect at
each- dose. The EDsg rank ordér of NTX was type

D>»B>F>E>C>(/D>A.Type ANTX was most potentto .

reduce the CMAP amplitude, and-type D NTX was lowest
potent (Table 2).

34, Compan's_on of diffusion to the contralateral site and
safety index of the different types of NIX

To compare dlffusxon to the contralateral site of the
different types of NTX, the CMAP amplitude was measured

" inthe right hind leg. The TDyo was defined as the ddse that .
- decreased the CMAP amplitude to 20% of the pre-toxin

level ‘and was calculated to assess the peak effect at each.
dose. The TDyo 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 TDyg/EDsp 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>C/
D> B. The results revealed that type F NTX showed the
widest safety index and was hard to diffuse;, and type B NTX

‘the nairowest index aﬁd was prone to diffuse (Table 2).

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

To investigate whéther 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 thatin the vehicle
group, whereas those in the’ groups freated 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 décrease in the

CMAP amplitude, similar fo botulinum toxin, indicating

o that the CMAP test can be used to evaluate the 1nh1b1t10n of

neuromuscular transm15510n

3.6. Comparison of muscle ﬂacczdlty mduced by the dlfferent
types of NTX :

To compdre the muscle ﬂeccidity-inducing'effects of the

" different types of NTX, we evaluated them using the DAS

assay. When thelogoftheip] LD50 and median DAS score were
plotted on the horizontal and vertlca] axes, respectively, the
reaction curves for each NTX showed dose- dependent line-
arxty The required toxin value rank order of NTX for muscle
flaccidity was type B=D> FSE> A=C= C/D. Type A, C,

-and C/D NTX were most potent to exhibita muscle flaccidity-

inditcing effect, and type B NTX was lowest potent (Fig. 3).
Thei ipLDsp dose necessary to achieve a score of 1 in the DAS
assay ‘was greater than that required to reduce the CMAP
amplitude, : .

4. Discilssion

_ The neuromuscular fransmission 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 LDsg 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, respectwely In contrast, 10 ip LDsg of type. -
. BNTX were needed to reduce the CMAP amplitude. Type A,

C.C/D,and ENTX required a dose of 1 ip LDsg or below. and

. the CMAP method was more sensitive than the mouse ip
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Table 1
I_\neanty ranges cm regression analysis of the CMAP amplitude after the administration of type A to F NTX.
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413

4aday(R)

Tday (R%) .

14 day (R%)' -

Type . Lmeanty ranae

(ip LDso}: D

1day (%" 2 day (R?)
A 0.01-30 (0.879) 0.01-10 (0.971)
B 10-10,000 (0.932) - '10-10,000 (0.954)"
c . 0.1-100 (0.957) 0.1-30 (0.957)
cp '0,03-10 (0.964) 0.03-10'(0.980)
D 30-30,000 (0.942) 30-30,000 (0.953)
E 0.1-30(0.930) 0.1-36 (0.928)
E . 1-300 (09.37) 1300 (0.954)

~0.01- 10(0966)‘-' i

10-10,000 (0.949)
0130 (0.955)
0.03-3 (0.968)

© 30~ 10000(0958)

0.3-100 (0.915)

» 10-300 (0.956)

0.01-10 (0. 954)
10-10,000 (0.950)

0,130 (0.968)

,0.03-3 (0.962)
30-10,000 (0.949)

f

* 0.01-10 (0.959)

" 10+10,000 (0.915)

0.1-100 (0.946)
6.03-10 (0.963)

30-30,000 (0.937)

2 g2 multiple correlation coefficient.

Table 2 )
EDso, TDag, and safety index values for type Ato F NTX.

Type.| EDsg? {ip.LDso) . - TD2a" (ip LDso). Safety index (TD3o/EDso)’
A 0.09 157 18"
. B 167., . 1226 7
€. 054 385 . 718
c/p 0.13 C 138 11
D 206 36,433 177,
“E. - 085 ' 50 59
Fi. 467 3772 . 808 -

a EDSQ, dose which caused a 50% reduétion of the CMAP amphtude
TDm, dose which caused a '20% reduction of the CMAP amplitude.

LDSO 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 actlvmes on the day
following administration.

The rat CMAP test is useful not only for measuring
toxin activity, but also for evaluatmg the characteristics
of theé neuromuscular transrhissibn—inhibitory effect of
different.NTX types. To assess whether the neuromuscular

‘ .transnnssmn—mhlbltory effect was correlated with the

: -

=

(=]

o

g .

3

]

oot

B ~

Q / / /

[s]e, !
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Fig. 3. Comparison of the muscle flaccidity-inducing effect of type Ato F
NTX on digit abduction in rats two days after administration, The scores
indicate thp median of each dose, n=5.- S

- muscle flaccidity-inducing effect, the latter effect of the
different NTX types was compared using the DAS assay. The
“neuremuscular. 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
EDsq 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.€., SNAP-25; synaptobrevin, and syftaxin), which fuse to
the synaptlc 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 NIX is
caused not only by the inhibition of neuromuscular trans-
‘mission through the cleavage of SNARE proteins, but also.by
other acfion 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
neurornuscular, transmission and muscle ﬂacc1d1ty 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 NIX has the
dlsadvantage that it is prone to diffuse compared to the
other types, except for type B and C/D NTX. Type C NTX
mxght be the most suitable for relaxing a particular muscle, .
because it showed a potent muscle ﬂaccxdlty-mducmg
effect and diffuses less than the other types. A dose inha-
‘lation toxicity study in monkeys showed equlvalent effects |
between type A and C NTX (LeClaire and Pitt, 2005). In
a clinical study, it was reported that type C had a muscle-
relaxmg effect equwalent 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 dlseases The -inhibitory effect of
type ENTX on neuromuscular transmlssmn was the fourth

. strongest aftér type A, C, and C/D NTX. The safety index of *
type ENTX 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 pharmacologlcal effects of

muscle relaxants.
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Quantltatnve determmatlon of the bnologlcal activity of botulinum toxin type ‘Ausually depends

con the LDsg method after intraperitoneal injection into mice. This method requires a large . .
number of mice to determine the toxic activity at a high level of precision and 3-4 days to

obtain the results. Techniques to replace the LDsp method have been attempted at various

" institutes. As a substitute for this method, by directly measuring the inhibition of neuromus-.
- cular transmission after the administration of a toxin, a method to quantitatively assess the

toxin's activity by determining the compound miuscle action potential (CMAP) was examined.

- Toxin solutions were injected into the rat gastrocnemius muscle, and that of the CMAP

amplitude was determined over time. The CMAP amplitude déecreased over 4 days after the
injection of the toxin, and then slowly recovered. A dose-response relationship was noted’
for each dose, and a linear relation ' was observed between 0.01 and 30 U on the 1st day.
From these results, we propose the CMAP as a substitute for the LDsg method to examine
the activity of toxin products as, it is simple and reliable, redtices the number of experi-
mental animals requu'ed and lowers pain levels.

© 2009 Elsevier Ltd. All rlghts reserved

1. Introduction

. acetylcholine release (Sakaguchi, 1983). Type A and B toxin
C preparations have been utilized as a treatment for spasm in

Clostridium botulinum produces toxins. that have been

claSsiﬁedi‘nto?serotypes A,B,C,D,E,F,and G, based or their
immunological characteristics. The toxins act on neuromus-
cular Junctlons and mduce muiscle relaxatlon by inhibiting

* Corl:esponding author at: Human Vaccine Production Department,
the Chemo-Sero-Therapeutic: Researchi Institute (IKAKETSUKEN), 1-6-1

* Okubo, Kumamoto-shi, Kumamoto 860-8568, Japan. Tel +81 96 344

1211; fax: +-81 96 345 1345. .
E-mail address: toru—ya@kaketsuken OF, _pp (Y. Torii).

0041:0101 l$ ~ see front matter © 2009 Elsevier Ltd, All nghts reserved
. doi:10.1016/j.toxicon.2009.06.020

myotonus and dystonia (Jankovic, 2004; Sadick, 2003).

The standard method to determine the biological
activity of botulinum toxin is the lethal dose 50% (LDs0) test
involving intraperitoneal (ip) injection into mice, and many

‘mice are required to ensure sufficient accuracy levels for

theAquahty control of preparations, which' has pAosed
a problem with regard to animal welfare (Pearce ét al,,

" 1994). International meetings on alternative methods for

animal testing have been held, and replacements for the
mouse ip LD50 test have beent dxscussed (Straughan, 2006)

\
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The 3 Rs (refinement, reduction, and replacement) have

been proposed for alterative methods, and alternative
in-vitro, ex-vivo, and in-vivo test systems have been inves-

tigated. The in-vitro test system, ELISA, determining the )

endopeptidase 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 determme

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-hemi-
diaphragm is sensitive, but it requires skilled techniques,
and has a low reproducibility (Yoneda et al, 2005; Bigalke

et al, 2001) The iri-vivo test systems, ‘such as the digit -

abduction scoring (DAS) assay and local flaccid paralysis
assay, use scores for evaluation (Aoki, 2001; Takahashi

et al,, 1990; Sesardic et al,, 1996). When an evaiuation lies”

between twa scores, judgment is difficilt. As each test

- system has both advantages and dlsadvantages, no alter—

native method has been established.

" We attached a greatér importance to the following point
in devising an alternative method to determine the activity
of botulinum toxin: the potency of botulinum toxin prep-

_ arations should be evaluated based. on their pharmaco-

logical effect of inhibiting neuromuscular transmission, and
not based on their lethal activity, as in the mouse ip LDsq
assay. There are several test systems to evaluate the inhi-

bition of-neuromuscular transmission, and we focused on

the measurement of the compound muscle action potential

' (CMAP) used for the diagnosis of various nervous disorders.

The CMAP 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
deterrmmng the CMAP amplitude, the aetion of the toxin

(suppressmg the transmission of electric stimulation to the

muscle can be shown numericaily. 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 amp‘litude decreased as the

" toxin actrvrty increased, but quantitative determination of

the toxin was not carried out. Based on this previous CMAP

i study, we mvestrgate_d a botulinum toxin quantification
~method, aiming at replacing the mouse ip LDsp assay: -

2.. Materials and methods

2.1. Toxin prepdration

Botulinum neurotoxin type A (150 kDa NTX) was"

prepared using modified cilture and purification methods,

- as previously reported (Sakagichi et al., 1981). C. botulinum

type A strain A2 was cultured in PYG medjum containing 2%

- peptone, 0.5% yeastextract, 0.5% glucose, and-0.025% sodium

thioglycolate in a glass bottle. After incubation for 3 days at
30.°C; the culture flaid was adjusted to pH 3.5 by adding
1.5 M sulfuric acid. The precipitate: was collected by centri-

fugation, and the crude toxin was extracted with 02M

phosphate buffer (pH 6.0). The extract contained nucleic
acids, which were removed by treating with 2% protamine
sulfate, and the precipitate was removed by centrifugation.
The supernatant was precipitated at a 60% saturation of '
ammonium sulfate, and the precipitate, collected by centri-
fugation, was dialyzed against 0.05 M acefate buffer con-
taining 02M sodium chloride  (pH 4.2). The dialyzed
materidl was applied to an SP-Sephadex column equilibrated
with the same buffer. Then, M toxin was eluted: -using a linear
gradient of sodium chloride concentrations from 0.2 to
0.7 M. M toxin was dialyzed against 10 mM phosphate buffer
(pH 7.5), adsorbed onto a DEAE sepharose column equili-
brated with the same buffer, and eluted with a 0-0.3. M NaCl
gradient in the buffer to separate NTX and nontoxic proteins.
The NTX was concentrated to 1 mg/mL using the YM-10 .
mémbrane (Millipore, Tokyo Japan),dialyzed agalnstlo mM
phosphate buffer (pH 7.5), and stored at ~70 °Cuntil use.

" TFor the test control, commercial progenitor LL toxin
(900 kDa,BOTOX®, Allergan Inc,, U.S,, LL hereafter) was used.

2.2. Experimental animals -

. Female ICR/CD-1 mice (4 weeks of age, about 20 g) for
the LDsp test and female SID rats (8 weeks of age, about -
200 g){for the CMAP test were purchased from Charles
River Laboratoriés Japan (Tokyo, Japan). The animal room
was maintained 'under controlled lrght/dark conditions,
and animals were given free access to feed and water. This

~ study was.performed in accordance with the guidelines
* concerning experrmental animals established by the Japa-

riese Pharmacological Society, and approved by the Internal
Animal Ethrcs Commlttee . . .

23. Mouse ip LDso assay

The toxin actmty of NTX and LL was determined by the

‘mouse intraperitoneal LDsg method, defining one mouse ip

LDs =1 unit (U)(Pearce etal., 1994). The mouse ip LDsp was
détermined by employing an assay involving 7 doses at a
dilutioninterval of 1.25 and 20 animals per dose. The chosen
evaluation period was the first 96 h after administration,
and the LDsg was calculated using the probit method.

2.4. Toxin administration

Each toxm was senally diluted with physwlogrcal saline
contammg 05w/v% human serum  albumin, . “and
0.1-300 UfmL solutions were prepared Rats were anes-
thetized by an mtraperrtoneal injection of about 40 mg/kg
pentobarbltal sodium (Kyoritsu Seiyaku, Tokyo,” Japan).
After the eyelid reflex had disappeared, the hind leg was
shaved, and 0.1 mL of the toxin dilution Was 1njected into
the left hind gastrocnemius muscle using a 30-G msulm

‘syrmge (Becton Dickinson, Tokyo japan)

© 2.5, CMAP» measurement

~ The CMAR was measured using Nicolet Viking Quest
(Viasys Healthcare, Tokyo, Japan). Rats were anaesthetized

.- and fixed in the prone position; The electrode used was an )
“alligator clip: lead wire (Viasys Healthcare, Tokyo, Japan),
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attached to the skin. The electrode attachment sites are
shown in Fig. 1, The stimulating electrode (cathode) was
placed on the skin over the fourth lumbar vertebra. The
stimulating electrode (angde) was placed at 2 cm from the
cathode on the spinal colum. The recording electrode was
placed on the belly muscle of the left hind gastrocnemius
muscle, the reference recording electrode on the left hind
gastrocnemius tendon, and- the earth electrode on the tail
root. Electric stimulation was loaded at 25 mA for 0.2 ms,
and the CMAP was obtained. The CMAP was measured
before (0) and 1, 2, 4,7, and 14 days after administration.

26. Statlsacal analysns ,

For analySIS of the CMAP amphtude Statlstlcal Analy51s
for Neurotoxin (SAN, ver. 1. 05) Wwas used The waveform of
one CMAP was converted to 2000 dots using the software
supphed with the electromyograph, and the. coordinates of
the dots were converted to numbers, The distance between

- the top and bottom of the waveform was calculated using '

SAN as the CMAP amplitude, SAN was created to store raw
- - data of the CMAP amplitude and perform various statistical
analyses (t-test, .one-way and two-way layout. ANOVA,
regression analy51s parallel line analy51s and correlatxon
coefficient).

For'the conﬁrmatxon of CMAP quantlﬁablhty, logarlthm

LDsg doses on horizontal and logit-transformed CMAP .

amplitudes on vertical axes were plotted, respectively, and
-the linearity: of the regression line was conﬁrmed by
regression analySIS

3. Results
3.1. Toxin ‘activitj/

The toxin activity of NTX and LL was 93,000 + 565 Uand
92.4 4 1.48 U, respectively.

_Fig. 1, CMAP measurement method a, Stimulating electrode (+); b, Stimu-
lating electrode” (=); ¢ Recording electrode (—) and injection site;
d. Recording electrode (+); e, Grounding electrode,”

32 Ddse;responsiveneSS of the CMAP

On time-course measurement of the €MAP amplitude
after NTX administration, the left hind leg CMAP amplitude
decreased until the 4th day, and then slowly recovered after
the 7th day. Limb paraly51s was observed after the admin-
1strat10n of 3U or more. It .was found that the CMAP
amplx,tude decreased depending on the concentration of
LDsg doses (Fig. 2). These results weie subjected to regres-
sion analysis, and linearity was detected over a range of
0.01-30 U on day 1 (R*=0.979) (Fig. 3), and 0.01-10U
on days 2, 4, 7, and 14 (R*=0.971 on day 2, R*=0.966 on
day 4, R2_0954 on day 7, and R2=0.959 on day 14,

i respectlvely)

To investigate whether other molecular forms of the

“toxin show .a different dose-responsiveness regarding

NTX, the CMAP amplitude was measured in the same
experiment using LL, and the linearity of the regression
line between the CMAP amplitude and potency was |
verified. Parallel line analysis of the regiession lines of
NTX and LL on the 1st day after administration indicated
that the regression lines of toxins were parallel to each

- other. No significant difference was noted between the

two lines, and the relative potency of IL in relation to
NTX was 0.965 (95% confidence interval: 0.791-1.178).
Accordingly, the same calibration curve could be used
for the evaluation of type A preparatlons NTX. and LL

. (Fig. 3)

33 Reproductbllzty of the CMAP test .

Reliability is important for substaxjice—measuxement
methods, and reproducibility is essential. To confirm the
reproducibility, the CMAP amplitude was measured 3

- times using the same procedure on different days and by

two measurers. The reactions after admmlstratlon were
similar. The regression lines of the dose—response curve of
NTX and LL on the 1st day after admmlstratlon were
analyzed by two measurers, and were parallel to each
other. The relatlve potency of LL as assessed by the two’
measurers was 0.958 (95% confidence interval: 0.763-
1.203), showing that there was no significant difference in

‘the dose-response regression lines for LL obtairied by

them (data not shown). This result suggested that‘the
CMAP test regarding the response to toxin activity was
reproduc1ble

34, Time-course CMAP amphtude of botulinum toxm—treated
muscle

) We im}estigated whetheér time-course reactions of the
CMAP amplitude could be fitted to an equation, and found

-that the amplitude after administration conformed to

the following experimental equation: y = g— b(log(x))
+C(log(x) log(x)) (the equation represents a physical
phenomenon). Using this equation, the days showing
a maximum reduction of the CMAP amplitude, recovery to
the pre-treatment condition, 50% recovery, and 50% ampli-

- tude reduction can be calculated. For example, the days after

the administration of 0,1 U NIX shown in Table 1 were
predlcted using thlS equatlon
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Fig, 2. Doée—response of the CMAP amplitude of NTX and LL. Each pofnt is the mean+SD (n=>5).

4, Discussion

The mouse ip LDsg method a quantltatwe method for
determmmg the biological. activity of botulinum toxin now
widely used, is based on lethality in mice, but the method
requires 3~4 days to make a judgment and many animalsto

" obtain reliable results. Various alternative methods have

been investigated for the quantification of botulinum toxin,

but all have advantages and disadvantages, and SO an

appropriate replacement test is still awaited.

A

Eopit [CMATamplitude ¥}

© Eogit [CMAY amplitndy fm%].
. ,'m .
-

"We investigated the possibility of using the rat CMAP -
test as a substitute for the mouse ip LDsp assay, and iden-
tified a dose-response relatlonshlp with the mouse ip LD50
dose (toxin activity) at 1, 2, 4, 7, and 14 days after injection
and the capability of measuring the duration of the toxin's
effect. This method was very sensitive, facilitating
imeasurement down to a sensxtlvxty of 0.01 U, which js not
possiblé using the mouse ip LDsg assay, and a regression

" line within a broad range of 0.01-30 U was obtained 1 day:

after administration. The toxin actmty could be measured
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Table 1

Days after adrmmstranon of 0. l UNTX pred)cted from the response curve.
o ' Day

Day showing maximum reduction 4.7

Day showing recovery to pre-treatment condition 320

Day showing 50% recovery ' 133

Day showing 50% amplitude reduction. o 1.3

on the day following administration, which is-a major

advantage. In addition, the number of experimental |

animals requlred can be markedly reduced because of the
broad range and its high-level precision. Furthermore,-the
results obtained by the LDsg method and score represent
-a discrete quantity, while those gener. ated by the CMAP test
represent a continuous quantity. Thus, statistical process~
ing is applicable, and the quantlty of information obtain-~
able is large.

Analysis using SAN clatified that the 'time-course
reactions of the CMAP amplitude fitted an equation. By
applying this equation, the CMAP method may be used
for not .only quantification of the toxin but dlso the

'evaluatlon of its various pharmacological effects, Time-

. course changes in' the amplitude can. be predicted. by

substituting several measurement data'in the equation.
For example, the duration of an effect of the toxin can be
measured with data at minimum measurement points,
which’ may reduce the number of experimental ammals
needed.

Results determined by several operators or on different
days showed satisfactory intermediate-level precision,
suggesting that the method is very suitable for the
comparison of ée‘veral toxin preparations and quality
control. The différence in the muscle-relaxing effect
between equal units of BOTOX® and Dysport® has been
problematic in clinical practice’(Rosales et al., 2006). To
overcome this problem, whether an internatiorial standard
for the .toxin could be establlshed was discussed, and
mvestlgated using the mouse ip LDsg assay at several labo-
ratories. However, the possibility of its establishment is
questionable because the results showed large variation. It
was also 1nvest1gated using other test methods, but. the
outcome was the same. As each test system has both
advantages and cllsadvantages no system for evaluating
toxin function is both easy to perform and highly repro—
ducible; On the.other hand, the rat CMAP test is easy to
conduct, highly reproducible,” and can directly determine
the effects of toxin preparations by assessing the inhibition
of neuromuscular transmission. Thus, it is suitable for the

quality control and evaluation of toxin preparations. The: tat '
CMAP test is also cheaper to conduct than the mouse ip LDsu

test.

* Wictome, M., Newton, K, Jameson, K., Hallis, B., Dunnigan, P, Mackay, E

We propose that the CMAP test with the characteristics
described above is an alternative method for the quant1ﬁ~
cation of botulinum toxm

Acknowledgment

The present investigation was conducted with financial
support from the Soc1ety for the Japan Health Sc1ences

_Foundation.

Conflict of interest

The authors declare that there are no conﬂlcts of
interest.

References

Aoki, KR, 2001, A comparison of the safety margins of botulinum
neurotoxin serotypes A, B, and F in mice. Toxicon 39 (12}, 1815-1820.

Bigalke, H., Wohlfarth, K., Irmer; A., Dengler, R, 2001. Botulinum A toxin:
Dysport improvement of biological availability. Exp. Neurol. 168 1,
62-170. -

Cichon Jr., .V, McCaffrey, T.V,, Litchy, W], Knops, J.L, 1995, The effect of
* botulinum toxin type A injection on compound muscle action
potential-in an in vivo, rat model. Laryngoscope 105 (2), 144-148.
Hallis, B., James, B.A,, Shone, C.C., 1996. Development of novel assays for
botulinum type A and B neurotoxins based on their endopeptidase

activities. J. Clin. Microbiol, 34 (8) 1934-1938.

- Jankovic, J., 2004, Botulinum toxin in clinical practlce I Neurol Neuro-

surg, Psychiatry 75 (7), 951-857.

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

"Pearce, LB., Borodic, G.E,, First, E.R., MacCailum, RD 1994. Measurement

of botulinum toxin activity: evaluation of the lethallty assay Toxicol.
Appl. Pharmacol 128 (1), 69-77. ©

Rosales, RL, Bigalke, H., Dressler, D., 2006. Pharmacology of botullnum
toxin: differences between type A preparatxons Eur. ] Neurol. 13
‘(Suppl. 1), 2-10.

Sadick, N.S., 2003. Botulinum toxm type’ B Dermatol. Surg. 29 (4),
348-351.

Sakaguchi, G., Ohishi, 1., Kozaki, S., 1981 Purlﬁcatlon and oral toxicities of
Clostriditm borulmum progenitor toxins. In; Lewis, G.E. (Ed.), Biomed-
ical Aspects of Botulism. Academic Press, New York, pp. 21-34. .

Sakaguchi, G., 1983 Clostridium botulinum toxifis. Pharinacol. Ther. 19 (2),
165-194.

Sesardic, D., McLellan, K., El(ong, TA., Das, RG,, 1996, Reﬁnement and
validation of an alternatlve bmassay for potency testing of therapeutic
botulinum type A toxin. Pharmacol. Toxicol. 78 (5), 283-288.

-Straughan, D,, 2006, Progress in applying the three Rs to the potency

testing of botilinum toxin type A. Altern. Lab Anim. 34'(3), 305-313.

Takahashi, M., Kameyama, S., Sakaguchi, G., 1990. Assdy in mice for low

" levels of Clostridium botulmum toxm Int. J. Food Microbiol. 11 (3-4),
271-277.

“Clarke, S., Taylor, R., Gaze, ],, Foster, K., Shone, C,, 1999, Development
of an in vitro bioassay for Clostridium botulinum type B neurotoxin in
foods that is more sensitive than the mouse bioassay. Appl. Env1ron
Microbiol. 65 (9), 3787--3792. .

Yoneda, S., Shimazawa, M., Kafo, M., Nonoyama, A., Torii, Y, Nishino, H. .
Sugimoto, N., Kozaki, S., Hara, H., 2005, Comparison of the therapeutic
indexes of different molecular forms of hotulmum toxin type A. Eur
J. Pharmacol.. 508 (1—3), 223-229,



,*’\‘

Toxicon 55 (2010) 662-665

- Article Histbry: -

Contents lists'available at ScienceDireet
Toxicon

journal homepage: www.elsevigr.com/locate/toxicon

Short commumcatlon

Quantification of potency of neutralizing antlbodles to botuhnum toxm
using cornpound muscle action potential (CMAP)

Yasushi Torii #P*, Motohide Takahashl
Tetsuhiro Harakawa?, Ryuji Kaji ¢,

Setsuji Ishlda Yoshltaka Goto? Shln_]l Nakahlra
Shunjl Kozaki®,

Ak1h1r0 Ginnaga?
f

2The. Chemo~5ero-1719rapeunc Resemch Insntute (KAKETSUKEN), 1-6-1 Qkubo, Kumamoto-shi, Kymamoto 860-8568, Japan -
Y Department of Veterinary Scxences School of Life and Environmental Sciences, Osaka Pr efecture Umvets:ty,

1-18 Rinku-oraikita, Izumisario-shi, Osaka 598-8531, Japan

< Department of Bacterial Pathogenesis and Infection Contiol, Nanonal Insmute of Infecnous DISEUSES 4-7-1 Gakuen,

Musashimurayama-shi; Tokyo 208-0011, Japari

dSchaol of Medlcme The University of Tokushima Facuuy of Medzane, 18-15 Kuramoto—cho Tokushlma shi, Tokushlma 770 8503, Japan

ARTICLE.INFO

ABSTRACT

Received 24 June 2009

Received in revised form

13 September 2009

Accepted 15 September 2009 .
Availablé online 22 September 2009

" Keywords:.

Botulinum toxin

< CMAP

Mouse neutrahzatlon test
ELISA

We evaluated a method for quantifying botulinum toxin-neutralizing antibodies which
utilizes the CMAP. This method can be used just one day after administration, and the
detection sensitivity was_higher than that of the mouse neutrahzatlon test. The CMAP ’
neutralization test detected neutralizing antibodies in patients wha were resistant to
treatment with the botulinum LL toxin, These results indicate that the CMAP neutrahzatlon
test is useful for detecting low levels of antitoxin.

© 2009 Elsevxer Ltd. All rights reserved i

Botulinum toxins have recently been developed and

used in the treatment of blepharospasm, spasmodic tom—‘
+ collis, dystonia, pain, and uyolpglcal disorders (Jankovic,
- 2004; Truong and Jost, 2006; Casale and Tugnoli, 2008). ..

The toxins showa hlgh—level efficacy at very low doses, and
aré widely uséd in medlcal treatrhent. Resistarice to the
toxin was reported in some patients who received repeat
high-dose (>100 mouse ip [Dsg 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 theé patients. The potency of

* Corréspondjng author at: Human Vaccine Production Department,
The Chemo-Sero-Therapeutic Research Institute (KAKETSUKEN), 1-6-1
Okube, Kumamoto-shi,-Kumamoto 860-8568, Japan: Tel: +81 96 344
1211; fax: +81.96 345 1345. -

E-mail address: torii-ya@kaketsuken OF, jp (Y. Torii) :

0041-0101/$ ~ see front matter ® 2009 Elsewer Ltd. All rights reserved.

-doi:10. 1016/] toxicon. 2009 09.004

neutralizing antibodies in the serumn of pétients 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 riumbeér of surviving mice typically
96 h after the mtrapentoneal (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 antltoxm The detection
limit of this method is reported to be about 10-100 mU/mL:
(Sesardic et al.,, 2004; Byrrie 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 miouse neutralization test (Sesardic
et al, 2004). To detect neutralizing antibody presence in '
patients, a_highly sensitive assay for neutralizing anti-
bodies is needed. We repmted quantitative of biological
actnvxty of botulinum toxin ‘using the compound muscle
action potential . (CMAP) (Torii et al, submitted for
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pubhcatron) CMAP measurement is utilized by the
extensor digitorum brevis (EDB) test, which qualitatively
assesses the responsé to the toxin before treatment in
patients who might possess antibodies against the hotu-
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 neutrallzatlon 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. Orie unit (U) of corresponding type of -

standard botulinum antitoxin neutralizes 10, 000 mouse
intraperitoneally (ip) IDsg of toxin types A, B, F or 1000
mouse ip LDsg of toxin type E (Jones et al., 2006). The sera
of seven patients resistant ta 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
nat receive any treatment of botulinum toxin, For the
positive control, sera were’ collected frém one volunteer
who had been 1mmumzed 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 botulmum antitoxin and various sera were seri-

ally drIuted with physiological saline containing O. 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 miouse ip LDsp/mlL, B:

60,000 mouse ip LDsp/mL, E: 60 mouse ip. LDsg/mL, F: 600

mouse ip LDsg/mL). The type A of test toxin dose also was

- set at 1 mouse ip LDsp/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 mjected 0.1 mL of
a mixture into the left gastrocnemius muscle. The CMAP
amplitude of the left hind leg was measured before (0) and

"24h 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 contairing 0.15 M Na(l, secondary

.antibody using peroxidase-conjugated goat anti-himan

IgG, 1gA and IgM (Sigma, Tokyo, Japan) and substrate using
TMB Microwell Peroxidase Substrate (Kirkegaard and Perry

VLaboratorres Inc, Gaithersburg, US.). ELISA titers were

expressed in multrples of absorbance of the negative
control, and antibodies were consrdered 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 linéarity 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 fegression 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 analysrs 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 (R*=0.983) and 1-+50 mU/mL in

type E(R?=0. 989) For types Band 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

"roted within a range of 25-100 mU/mL in type B
" (R?=0.953) and 3-50 mU/mLin type F (R* = 0.974) (Fig. 1).

To increase the measurement sensitivity, the test toxin dose
was set at 1 mouse ip LDsg/mL in type A, and linearity was
noted within a range of 1-6 mU/mL (data not shown). This
miethod can be ‘used to measure a broad range of neutral-
izing antibodies titers the day after administration. In this
study, .the CMAP nedtralization test démonstrated six
advantages over the standard technique. 1) The CMAP is
more sensitive than-the mouse neutralization test. 2) The
CMAP neutralizétion 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 durl‘ng the test, and the amounts
of injected test toxm do not completely bldck 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 miethod is a useful substrtute for the

- mouse neutralization test.

We -then mvestrgated whether minute’ amounts of
neutralrzmg 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
aneutralizing annbody level of 3-50 mU/mL (Table 1). This’
suggests that the cause of the reduced therapeutic effect
was the production of neutralizing antrbody against. -
botulinum LL toxin. In contrast, the mouse neutralization
test detected neutralizing antibodies in sera from 1
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patient, showing a ' Tower sensitivity than' the CMAP
neutralization test. ELISA detected neutralizing antibody.

presengce in sera from 2 patients; .however, ELISA titers. .-

were not correlated with ‘the potency of neutralizing
antlbodxes This was because ELISA detected all arnitibodies

(mcludmg non-neutralizing antibodies) against type A -

toxin. No antibodies were détected 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- antlbody—posnwe on ELISA (Table 1),
Comparing ELISA and’ the CMAP neutralization test, the

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

“Serumi Na.' " Motise. neutyahzanon CMAP neutralization EUSAa
L v -test(mU/mL) test (mUfmL)’ _
1 <100 -3 <2
2 <100 4 e
3 <100 4 =)
4’ <100 -4 o <2
5 <100 4 <2
6 <100 5 <2 .
7 - cayi00 - 50 3
8 (Positive control) 200 180 : 13 -
9 (Negatlve ‘ontrol) <100, . <1 <2

2 EIISA 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 correlatlon could be 1dent1ﬁed
between these titers.’

As mentioned above, the CMAP neutralization test can

be used for the detection of neutralizing antibodiés ‘in

- patients who have received treatment with type A bétu-

linum toxin. Botulmum toxin preparatlons for treatment
are used for various diseasés in many patienfs. Since the
therapeutic dose of botulinum toxin is very low, its thera-
peutic effect may be lost by only minute amounts of anti-
badies. For patlents who show antlbody presence, it may be
necessary to treat them Wlth increasing toxin doses or to
change toxin. typés The CMAP neutralization test may be

" useful to assist in such a diagnosis.

The CMAP neutralization test'is capable of detectmg-

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 formulatlons o

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

" etal,1998; 2004). Thus, the ability of the CMAP test to also

detect small amounts of neutrahzmg antibodies against
type E and F toxins may be potentially useful for such toxin
formulations to bé developed in the future. This methaod is
clinically applicable and useful as the measurement. is



simple and siraight forward, using électromyographs
installed at clinical sites.
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