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nents and a nontoxic-nonhemagglutinin component to
We demonstrated that botulinum neurotoxin attenu- produce large molecular complexes of about 30 to 90

ated the spontaneous beating rate of cultured cardiac kDa, which are M, L, or LL toxin (1). The toxins spe-
myocytes. Primary cultured cardiac myocytes were cifically inhibit neurotransmitter release (2-5) by cleav-
prepared from the ventricles of neonatal Wistar rats ing SNARE family of proteins designated SNAP-25(1–3 days old). On 7 days after cell seeding, botulinum (synaptosomal-associated protein 25), synaptobrevintoxin type A incorporated into liposomes was added

(vesicle-associated membrane protein; VAMP) and syn-to the culture medium. At a final concentration of 5.0
taxin, which are important for neurotransmitter re-mg/ml, botulinum toxin markedly attenuated the beat-
lease (6-12). It has been reported that cells of manying rate of cardiac myocytes within 2–4 hours. These
organs contain the SNARE proteins (13-15). For myo-results demonstrated the effect of SNARE-complex
cytes, it has been suggested that these proteins areproteins on the spontaneous beating of cardiac myo-
participating in muscle contraction (16). We predictedcytes. q 1998 Academic Press

that the botulinum type A toxin, which cleaves SNAP-Key Words: Clostridium botulinum; cardiac myo-
25 specifically, would affect the contraction of the car-cytes; botulinum toxin; chronotropic effect; SNARE;
diac myocytes.SNAP-25.

MATERIALS AND METHODS
Botulinum toxins, whichare the most potent neuro-

toxinsproduced by a bacterium of Clostridium botuli- Preparation of cultured cardiac myocytes. Cardiac myocytes were
num, can cause death of suffered animals by asphyxia prepared from the ventricles of neonatal Wistar rats ( 1 to 3 days

old) by collagenase digestion (200 U/ml), as described previously (17).by paralyzing the respiratory musculature. The botuli-
Briefly, 15 to 20 neonatal rats were decapitated and their heartsnum toxins are classified into seven groups (A to G)
were removed and the atria were trimmed, and the ventricles werebased on their antigenicity. The toxins characterized
bisected and added to a tissue bath perfused with Ca2/ - and Mg2/ -to date are proteins with molecular weights of about free Hanks’ balanced salt solution (pH 7.4) buffered with 10 mM

150 k, synthesized as single polypeptide chains. They HEPES. After preincubation for 30 min at 377C, the ventricle frag-
ments were minced and digested with collagenase. To limit theare cleaved by endogenous proteases or trypsin to yield
amount of nonmyocardial cells, the isolated cells were added to 60two subunits, a heavy chain (molecular weight about
1 15 mm culture dishes in a CO2 incubator. After 45 min, unattached100,000) and a light chain (molecular weight about
cells, which were enriched with cardiac myocytes, were seeded on 35

50,000) that contains a zinc-binding motif characteris- 1 15 mm culture dishes coated with type I collagen (rat tail collagen)
tic of metalloendoproteases. When the toxins are pro- at a density of 1.5 1 106 cells/dish in 1.5 ml of Dulbecco’s modified

Eagle’s medium (DMEM) buffered with 5 mM of HEPES, which con-duced, they are associated with hemagglutinin compo-
tained 10% fetal calf serum (FCS) and antibiotics (5,000 I.U./ml peni-
cillin and 5,000 MCG/ml streptomycin). The cells were cultured in a
humidified atmosphere of 95% air and 5% CO2. The cultured cells1 Corresponding author. E-mail address: kimura@sapmed.ac.jp.
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were fed fresh medium every 2 days. All of the experiments were edly inhibited the chronotropic effect of botulinum
performed using cardiac myocytes from day 7 of culture. toxin on the cells. In contrast, BSA, used as a nonspe-

MonitoringofmyocytebeatingusingaFotonicSensorTM. Spontane- cific control protein, had an insignificant affect on the
ously beating cultured cardiac myocytes were monitored using a Fo- chronotropic effect of the toxin. The nonneutralizing
tonic Sensor, a fiber-optic displacement measurement instrument monoclonal antibody EL161-38 inhibited the effect of(MTI 1000, MTI Co., Latham, USA) which has been described pre-

the toxin on the cells, but did not block the effectviously (17,18). It detects changes in the distance between the probes
and 150 to 200 of the myocytes vertically extruded by synchronized (Fig. 3).
beating. The probe and cultured cardiac myocytes were placed on a
horizontally rotating shaker in a CO2 incubator. The analog output DISCUSSIONfrom the Fotonic Sensor was collected on a personal computer
through a preamplifier (Bioelectric Amplifier AB620G, Nippon Koden

The target of botulinum toxin is SNARE proteinsCo., Tokyo). This method was used to determine the effect of drugs
such as norepinephrine (17,19), prazosin (alpha 1-adrenoreceptor an- which promote neurotransmitter release. Although
tagonist) (20), heptanol (21), carbachol, atropine, isoproterenol and these proteins occur in cells of nonneuronal organs (14),
propranolol (22) on cardiac myocytes. the botulinum toxin selectively effects the nerve system

Botulinum toxin and anti-botulinum neurotoxin antibodies. Type in vivo, because of toxin receptors on the cells. For in
A Botulinum L toxin was purified from cultures of C. botulinum vitro experiments, botulinum toxin is introduced intostrain 62A using a previously described method (23). Two monoclonal

permeabilized cells, that are not nerve cells, to deter-antibodies, EL161-38 and A107, were used in this study; EL161-38
mine the function of SNARE proteins in the cells, be-recognizes the light chain of the botulinum toxin but does not neu-

tralize the lethal activity of the toxin (24), and A107 recognizes the cause the toxin specifically cleaves and inactivates
heavy chain of the toxin and can neutralize the lethal activity (25). SNARE proteins. It has been reported that botulinum

Introduction of botulinum toxin into the cardiac myocytes. The toxin inhibits glucose transport in adipocytes(26,27). It
culture medium of the cardiac myocytes were replaced with 1.8 ml has also been reported that the release of insulin and
of DMEM which included 5 mM of HEPES, 10% FCS, but not antibi- catecholamines from pancreatic cells and chromaffinotics in 35 1 15 mm culture dishes. The dishes were placed in a CO2 cells, respectively, can be inhibited by botulinum toxinincubator for 30 min for stabilization.

(28-31).To produce efficient incorporation of the toxin into cardiac myo-
cytes, a liposome forming method was employed using LIPOFEC- Previous studies have determined that muscle con-
TAMINE (GIBCO BRL, New York, USA). Botulinum toxin type A tractions induce trafficking of glucose transporter 4
diluted with DMEM was incubated for 45 min at room temperature (GLUT-4) containing vesicles by a mechanism, that iswith an equal volume of LIPOFECTAMINE diluted 1:6 with DMEM.

similar to neurotransmitter release(16,32). It is possi-After incubation, 200 ml aliquots were added to culture dishes, which
were mixed by shaking for 15 sec at 60 rpm horizontally. As pre- ble that botulinum toxin would affect the contraction
viously reported (17), the application of vehicle alone and shaking of muscle cells. We have developed a cultured cardiac
did not affect the beating of the cells. The beating of the myocytes myocyte method to determine the contraction and the
were investigated sequentially.

beating rate of the myocytes (17,18). In previous study,
Neutralization of toxin activity. Aliquots of 30 mg of toxin were which analyzed SNARE proteins by botulinum toxin,

incubated with 8 mg of monoclonal antibodies for 30 minutes at room
the toxin was introduced into nonneuronal cells by per-temperature before incubation with LIPOFECTAMINE, and added
meabilization of cells. However, permeabilization ofto the culture medium. Bovine serum albumin (BSA) was used as

the control. cardiac myocytes rapidly blocked the spontaneous beat-
ing of the cells (data not shown). The liposome making
method was less cytotoxic and originally developed forRESULTS
DNA transfection, but the liposome could introduce
negatively charged proteins into cells in a similar man-The cardiac myocytes on day 3 of culture produced

spontaneous but irregular contraction. From days 3 to ner to DNA. In this study, the incubation of the cardiac
myocytes with botulinum toxin, which was incorpo-7 of culture, the beating rate increased and synchro-

nized contraction was observed. On day 7 of culture, rated into liposomes, markedly depressed the beating
rate of the myocytes. On the other hand, liposome alonethe cells produced spontaneous and synchronized con-

traction (Fig. 1-A) with a relatively constant rate (120.0 and the toxin alone did not affect the beating rate. The
results demonstrated the efficacy of liposomes for the{ 16.0 beats/min) as previously reported (17). The cells

were analyzed on day 7 of culture. The beating rate introduction of proteins into cells, and that botulinum
toxin affects the spontaneous beating of cardiac myo-was maintained for 6 hours during the experiments.

At a final concentration of 5.0 mg/ml, botulinum toxin cytes.
It might be suggested that nerve cells would contami-pretreated with LIPOFECTAMINE markedly de-

pressed the beating rate of the cardiac myocytes within nate in the cultured cardiac myocyte system, and that
botulinum toxin could affect the cardiac myocytes by2-4 hours (Fig. 1-B,2). No chronotropic effect occurred

when the toxin was added without incubation with LI- inhibiting neurotransmitter release from the contami-
nated nerve cells. Botulinum toxin can directly affectedPOFECTAMINE (Fig. 1-B,2). LIPOFECTAMINE alone

had no chronotropic effect on the cells (Fig. 1-B,2). nerve cells without liposome (33,34), however in this
study, the toxin could not affect the cardiac myocytesThe neutralizing monoclonal antibody A107 mark-
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FIG. 1. Monitoring of the beating of neonatal rat cardiac myocytes. Panel A, on day 7 before the addition of the toxin; panel B, 30 min
(top) or 120 min (bottom) after the addition of the LIPOFECTAMINE, the toxin, and the toxin in LIPOFECTAMINE.

without liposome. In addition, it was demonstrated Formation of ion channel is another suggestion to
explain the effect of botulinum toxin on the cardiacthat neurotransmission was not responsible for con-

traction and beating rate of cultured cardiac myocytes myocytes. The formation of ion channels was identified
in our system (19). Therefore, participation of nerve
cells in the negative chronotropic effect of botulinum
toxin on the cardiac myocytes was denied.

FIG. 3. Inhibition of the negative chronotropic effect of botuli-
num toxin by anti-botulinum neurotoxin monoclonal antibodies. The
toxin (30 mg) was preincubated with (l) or without (h) 8 mg of BSA,
or with 8 mg of monoclonal anti-botulinum toxin monoclonal antibod-FIG. 2. Efficiency of the effect of the botulinum toxin on the

synchronous beating rate of cardiac myocytes. l, botulinum toxin ies (n, A107; 1, EL161-38). Subsequently the solutions were incu-
bated with LIPOFECTAMINE. j, 38 mg of BSA incubated with LI-(5.0 mg/ml); j, LIPOFECTAMINE; n, botulinum toxin (5.0 mg/ml)

incorporated into LIPOFECTAMINE. POFECTAMINE as a control.
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