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Detection of Sparse Botulinum Toxin A 

Binding Sites Using Fluorescent 

Latex Microspheres 
ichard D. Crosland* and Gabriela A. Canziani 

Toxinology Division, United States Army Medical Research Institute of Infectious Diseases, Frederick, MD 21702 

Abstract 
The most potent toxins known are produced by strains of 

Clru-tridiurn boruliisum. To paralyze the vertebrate neuro-
muscular junction, the toxins hind selectively to nerve end-
ings, translocate into the presynaptic terminal, and hydro-
lyze proteins of the exocytotic apparatus, thus inhibiting the 
release of acetylcholine. Our goal was to develop a conve-
nient, reliable technique to detect specific binding of bofli-
hnum toxin A to its targets, a technique that could be easily 
modified to detect the binding sites of other ligands as well. 
Our method utilized fluorescent latex microspheres and is 
theoretically capable of detecting a single binding site at the 
light microscopic leveL 

Nonspecific binding sites on 7-wrn thick sections of un-
fixed, cryosectioneci mouse diaphragm were first blocked 
with 20% goat serum in phosphate-buffered saline (OS! 
PBS). We incubated the diaphragm for 1 hr at 22° with 
various concentrations of botulinum toxin A in (JS!PBS, 
followed by incubation wit!i rabbit anti -hotulinum toxin A 
antiserum, biotin-labeled goat -anti--rabbit antibody, and fi-
nally avidin-labeled, 0M3 jnn diameter, fluorescent latex 
microspheres. 

As expected, binding was localized to the area of the 
neuron.tuscular junction. Binding was also observed in as-
sociation with axons innervating come jtmctions We could 
detect binding on diaphragms that were exposed to as little 
as 10 pM botulinum toxin A, which is in the low range of 
effective in vitro doses that block neuromuscular transmis-
sion, ’this is a convenient, sensitive, and specific technique 
for detecting botulinum toxin A binding sites that is easily 
modifiable for the detection of binding sites of other ligands 
as well. (The JJ-Iisrevechnoi 22:113, 1999) 

Key words: diaphragm, immunohistochemistry, labeling, 
light microscopy, mouse, neuromuscular junction, synapse 

Addies rprtnL re.uesls io Dr. Crosslaad 

The Journal of Hlstoiechnulogy / Vol. 22, No. 2 / June 199 

Introduction 
The neurotoxins produced by strains of Clostridium honi-

linum are among the most toxic substances known- It has 
been estimated that, at most, 100� lOGO molecules of botu-
limun toxin A are required to poison a presynaptic terminal, 
suggesting that there are relatively few receptors for the 
toxins (1-3). The toxins bind to the presynaptic membrane, 
are internalized, and proteolyze components of the release 
apparatus, thereby blocking release of acetylcholine. Their 
in vivo sites of action are limited to peripheral cholinergic 
terminals, and the proximate cause of death is respiratory 
failure. 

There have been few histological studies of the binding of 
botutinutn toxins to their target tissues (1,4-9). One reason 
for this is the low density of toxin binding sites, which 
necessitates a detection system with a high signal-to-noise 
ratio (1). To date this has usually meaut autorarliography 
with radiolabeled toxin and fixed tissue. This technique suf-
fers from several shortcomings, however. Radiol aheling 
botulinum toxin to a sufficiently high specific radioactivity 
while retaining biological activity is not a trivial undertak-
ing. With such a potent toxin, furthermore, there is the 
possibility that a small percent of unlabeled toxin will bind 
and he active whereas the radiolabeled toxin will not hind 
(or bind nonspecifically) and he inactive, and the radiola-
beled toxin is what. is being measured. Inactivation of a 
substantial percentage of toxin by labeling may not he 
readily discernible because hotulinum toxin activity is as-
sayed s-sayed by mouse lethality, which is not very precise. Another 
pitfall with the binding protocols used to date has been the 
tendency to use unphysiologicafiy high doses of labeled 
toxin to increase the signal. 

Finally, 

the use of fixed tissue 
can cause artifacts. Our goal was to avoid some of the 
problems described and to detect hotuliouns toxin binding 
sites easily by light microscopy, with as little alteration as 
possible to thee sites or the toxin. We also wished to develop 
a general technique that could he easily modified to detect 
the binding sites of other ligands. 

We developed a method based on antibody detection vi -
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s’talized with fluorescent latex microspheras. Each micro-

sphere contains 100,000 fluorescent molecules, rendering it 

easilydisceriibte with a fluorescence microscope. A micro-

sphere can he attached to a binding site through a chain of 

binding site-botulinum toxin-primary antibody -secondary 

antibody-microsphero, thus allowing detection of a binding 

site. 

Materials and Methods 
Materials 

We purchased botulinum toxin A from List Biologicals 

(Campbell, CA) and assayed it with a mouse bioassay. We 

purchased biotin-labeled goat anti -rabbit antibody from 

Kirkegnard & Perry (Gaithersburg, MD), and fluorescent 

latex microspheres (TransfluospbereS) that were avidin-

labeled and 0.030 pm in diameter from Molecular Probes 
(Eugene, OR). Neutralizing rabbit anti-borulinum toxin A 
antiserum was produced at this institution. Naive goat se-
rum came from Sigma Chemical Co (St Louis, MO). 
Frosted, treated microscope slides were purchased from 
Fisher Scientific (Pittsburgh. PA), specimen embedding me-
dium from Tissue-Tek (Elkhart, IN), and Aqua-Mount from 
Lerner Laboratories (Pittsburgh, PA). 

Methods 
Male, BALB/C, 20-25 gm mice (Harlan Sprague-

Dawley, Frederick, MD) were maintained on. a 12 hr light-
dark (1800-0600) cycle, and allowed free access to food 
and Water. Their care and use were in compliance with the 
Animal Welfare Act (USA.) and the National Institutes of 
Health’s Guide for the Care and Use of Laboratory Animals 
(USA). After mice were killed by cervical dislocatioo, we 
removed the diaphragm under saline, cut it into hemidja-
phragms, froze them on dry ice for 15-20 rain in specimen 
embedding medium, and stored them at �70’ until sec-
tioned. We cur the frozen hemidiaphragms into 7-pm thick 
sections on a cryostat at �25. The sections were picked up 
onto treated slides, dried in air at room temperature, num-
bered, and stored in a desiccator until used, usually the next 
day. 

All of the following procedures were performed in a hu-
mid chamber at room temperature with the slides resting 
horizontally. We wetted sections with 0.5 ml of 20% goat 
serum in phosphate-buffered saline (OS/PBS) lbr 20 mm. 
We then added hotulirunn toxin A in OS/PBS to each sec-
tion and incubated it for 1 hr, foliowed by 5 washes (im-
mersion) with PBS. Sections were incubated for 2 hr with 
rabbit anti-botulinum toxin A antiserum (1 ’--p 10) in GS/ 
PBS, followed by another 5 washings in PBS and a 30 rain 

incubation in OS/PBS, We added biotin-labeled goat anti-
rabbit antibody (1 �s 500) in OS/PBS and incubated the 
sections for 1 hr, followed by 5 washes with 3x PBS. The 
sections were incubated with avidin-labeled fluoromicro-
spheres ([05 particles/ml in OS/PBS -i- 0005% Tween 20) 
for I hr and then washed 5 times with PBS. We added I 
drop of Aqua-Mount and a covcrslip. The sections were 
observed under a fluorescence microscope with a fluores-
cain filter ret. 

Results 
We used our method of botulinum toxin-primary anti-

body-secondary anti.body-microsphere to label sparse hotu-

linum toxin A binding sites of the presynaptic elements of 

neuromuscular junctions. On sections of diaphragm incu-

bated with I nM botulinum toxin A (Figure 1) we observed 

microspheres that were configured in a way that was con-

sistent with an association with the presynaptic elements of 

the neuromuscular junction, the proximal portion of the 

axon of the presynaptic neuron, and, in many cases, distal 

portions of the axon of the presynaptic neuron (10). The 

labeled areas were always associated with myofibrils and 

were arranged in a hand along the medial aspect of the 

muscle, in addition, the dimensions of the labeled areas 

were comparable to the reported dimensions of the endplate 

region (11). Furthermore, the size, number, and distribution 

of labeled areas were comparable to that observed when we 

stained sections for cholinesterase or labeled them with rito. 

cr-buugarotoxin (not shown). Labeling 

with microspheres was very specific because they were urn-

ited to presynaptic elements of 1le1[r0rIIUSCllJarjUflctjops and 

their innervating neurons. No other structures were labeled, 
and there were very few background microspheres. Incuba-
tion of diaphragm with 10 pM botujimnn toxin A resulted in 
localization of microspheres to endplate regions, but there 
were fewer numbers of microspheres than observed after 
incubation with 1 aM botulinum toxin A. We observed no 
labeling when botulinum toxin A or rabbit anti-botulinum 
toxin A antiserum was omitted. 

Figure 1. Fluorescence pho rnirrogrnth showing dislrihwioc ni firm-
spheres on Mouse diaphragin after incubation with I miSt howtinrn toxic 
A tolIoved my Xitibc1iies ajid niripiternan. .%J?ISLAO fihera allioNoff,5cc 
green whereas tnicrt>spheres are yellOw. Arrows dims Iplales The 
motor eudptare in the critter of the field shows labeling ci axon leading To 
it, Bun = 25 rcn. 
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Discussion 
Our goal was to develop a simple technique to detect 

tre bottlinuin toxin binding sites at the light microscopic 

level using unlabeled toxin and unfixed tissue. We also 

wanted the techni(iue to be easily modifiable to enable the 

detection of binding sites of other ligands. We attained our 

goal with an indirect immunchistological technique that 

liuked fluore.scently labeled latex microspheres to binding 

cites through a chain of binding site-botulinum toxin-

primary antibody-secondary antibody-microsphere. 

When we incubated diaphragm sections with a moderate 

l ttM) concentration of botulinum toxin A, we observed 

microspheres on the muscle in a pattern that was consistent 

with toxin binding to presynaptic elements of neuromuscu-

lar junctions and the terminal portion of motor neurons. This 

was expected as botulinum toxin A is a marker for the 

presynaptic element of the neuromuscular junction. We ob-

served a similar but less robust pattern of labeling after 

incubating sections with 10 pM toxin, which is in the low 

range of effective in vitro doses that block neuromuscular 

transmission (12), our observations were in concordance 

with those of Black and Dolly and Dolly et at (1,6). They 
showed with electron microscopic autoradiography that 15 
uM [L251]botulinum toxin A labeled only the presynaptic 
elements of neuromuscular junctions of mouse diaphragm 
and that the labeling was present on the plasma membrane, 
within the nerve terminal, and within the axoplasm of the 
nerve trunk. They also stated that they observed saturation 
of labeling with 200 pM toxin by light microscopic aurora-
diography. Thus, in all aspects, the 2 very different labeling 
techniques revealed similar distributions of botulinum toxin 
A binding sites, Our method, in addition, showed micro-
spheres associated with more distal portions of the axons of 
presynaptic neurons, probably because of botulinum toxin 
A binding to components transported along the axon. 

We successfully developed a simple technique to detect 
sparse botulinun toxin binding sites by light microscopy 
using unlabeled toxin and unfixed tissue. We linked fiuc? 
rescent latex microspheres to binding sites through a chain 
of binding site-botulinum toxin -primary antibody -
secondary antibody-microsphere. Although we do not claim 
to have done so, this technique can theoretically detect a 
single binding site. In addition, through a similar chain of 
antibodies, through a biotinylated ligand, or by attaching a 
ligand of interest directly to the microspheres our technique 
could easily be modified to locate the binding sites of other 
ligands. 

The Journal of f-tstotechnolo9y I Vol. 22, No. 2 / Juno 1999 
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INTRODUCTION 

The eminent physiologist Claude Bernard wrote in his 
classic work entitled Experimental Science (8). "Poisons can 
be employed as a means for the destruction of life or as 
agents for the treatment of the sick." He went on to explain 
how certain toxins and poisons were valuable tools For 
analyses of the most delicate phenomena of living structures. 
Although several toxic substances of plant and animal origin 
sr1e used in medical priictiCe during his lime, in recent years 
a great multitude of poisonous substances from plants, 
animals, and microorganisms are now finding USC in studies 
on aimimal physiology and some are used medicinally in 
humans. 

Itt December 1989 the U.S. Food and Drug Administration 
licensed botulinum toxin type A is Oil orphan drug for the 
treatment of the human muscle disorders strabismus. hemi-
factal spasm, and hiepharospasm in patients 12 years of age 
and older, by direct injection of the toxin into the hyperac-
tive muscle. Botulmnum toxin is also being used expermcn-

Corresponding author, 

so 

tally for the treatment of a number of other dystortias and 
movement disorders (25, 98, 191). The use of the toxin for 
human treatment came about over 20 years ago through the 
collaborative work of Alan B. Scott and E J Schantz- The 
treatment of neurological disorders with botulinum toxin 
type A has opened a new field of investigation on the 
application of the toxin to nerve and muscle tissue in the 
human body. 

Various microbial netiromoxins are being used to under-
stand the physiology of the nervous system and may have 
potential value in the treatment of certain types of muscular 
disorders through modification of nervous stimulation of 
muscle activity. Well-clmaracterized microbial ncufOtOXlflS 
for this pm-pose include the neurotoxic proteins From C/os-
trid/mmnr honilinont and C/oslriiuimmnm terafli and the low-moo-
lecular-weight ncurotoxins sa.sitoxin and tesrodotoxin. from 
certain species of dinoflagellates and bacteria (Table I) 
These toxins affect muscular activity by their direct action 
on the nervous system; for example,-botulinum and tetanus 
toxins affect activity by a presynaptic block of the release of 
ncurorransmirters, and sax/toxin and tetrodotoxin do so by 
altering the action potential at the voltage-gated sodium 
channels of neurons. These toxins differ from many other 
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rABLE 1, Approximate relative toxicities of microbial 
nci’rOtOxinS 

Minuriuni cthat (lose 
Tonic Met wi 

in mice 

Ijotulinum toxin, 000003 900.000 

type A. crystalline 
Tetanus toxin, 00001 150,000 

crystalline 
Saxieoxin (free base) 9 299 
Tetrodotoxins 8-20 319 

microbial toxins such as diphtheria and cholera enteroloxins 
in that they exhibit relatively little cytolytic or cytotoxic 
activity. This review describes properties of presently 
known neurotoxins that are obtained from microorganisms 
and that, through their physiological action. may be valuable 
in medicine and pharmacology, particularly botulinum toxin 
type A, the only toxin which is presently being used for the 
treatment and relief of several human dystonias. It also 
points out the need for research on methods for culturing, 
purification, genetic expression, and preservation of these 
toxins applicable to their use for human treatment. 

MICROBIAL NEIJROTOXINS THAT BLOCK 
EUROTRANSMITEER RELEASE 

Properties of Botsilinum Toxin Type A Relevant to Its Use 
in Medicine 

Developments leading to the use of the toxin for human 
treatment. Rotutinurn neurotoxins are produced by certain 
strains of the bacterial species. C. boIinurn, Clostridium 
buryricwn. CIostrdium bararii, and Clostridium nrgeirtin-
ErtSe (86). The toxins are classified into seven serotypes. A 
through G, on the basis of their immunological propertic5. 
The botulinum neurotoxins comprise I family of pharmaco-
logically similar toxins that block acetylcholine release from 
peripheral nerves and cause a flaccid paralysis. All of the 
serotypes of toxin can poison humans and other anririals, but 
type A has caused the severest illness and many deaths from 
food -borne botulism and is the best-characterized hotitlinum 
toxin. Crystalline type A toxin is the scrotype that is 
currently being used in therapcuti applications The follow-
ing sections describe the basic properties olbotulinum toxin 
type A and the development of the toxin as a drug. 

Investigations into the use of botulinum toxin type A for 
the treatment of hyperactive muscle disorders originated 
over 20 years ago through a fortunate set of circumstances 
and the ingenuity of Alan B. Scott, a surgeon at the Smith-
Kettlewell Eye Research Institute in San Francisco. lie 
contacted one of us (E.LS.) regarding the availability of a 
toxic substance that mght he injected into a hyperactive 
muscle and thus serve as an alternative to surgery for the 
treatment of strabismus, a condition in which the eyes are 
out of alignment- In my research on microbial toxins I had on 
hand highly purified crystalline type A botulinum toxin, 
produced by C. bonmlinnm, and saxitoxin, the potent poison 
produced by the dinotlagellate Gonynulax catrnelln. The 
mechanisms of action of these toxins had been known for 
many years (29, 33, 63, 103), and their possible use in the 
treatment of a hyperactive muscle was apparent but had 
never been tested. No record of such use in animals or 
humans was available. Both botulinum toxin and saxitoxin 
cause flaccid paralysis of skelrial muscle as a result oiactioii 
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on the nervous system. Botuhinum toxin type A appeared to 
be the toxin of choice for human treatment on the basis of 
animal studies and accidental cases of human food poisoning 
in which the paralytic action on survivors lasted for many 
weeks whereas recovery from saxitoxin poisoning took only 
a few days for survivors. We therefore began our collabora-
tion on this work by using botulinum toxin experimentally on 
rhesus moiikey, in which Dr. Scott surgically produced a 
condition similar to strabismus. With the properly deter-
mined dose of botulinum toxin injected into the more active 
muscle, proper alignment of the eyes was achieved. 

After 10 or more years of successful experiments on 
monkeys, the FDA granted Dr. Scott permission to treat 
strabismus in human volunteers. Strabismus in humans is a 
disorder of vision due to turning of one or both eyes from the 
normal position for binocular vision and is caused by hyper-
activity of one or more muscles controlling eye position. 
This condition in humans usually is corrected by surgery, 
which involves cutting away a sufficient portion of the 
hyperactive muscle to allow the eye to assume its normal 
position. Successful human treatment with the toxin in-
volved injecting measured amounts of the toxin, under 
carefully controlled conditions using electromyography, di-
rectly into the hyperactive muscle pulling the eye out of 
alignment.. Injection of botulinum toxin weakened the over-
active muscle, enabling compensation by the weaker one 
and resulting in permanent eye alignment after a period of 
temporary paralysis (192) The clinical work was first re-
ported by Scott in the 1980s (188, 189). and the properties of 
the toxin in relation to its use in medical treatment was 
reported by Schantz and Scott in 1981 (180). 

Special considerations on the preparation and maintenance 
of botulinum toxin type A for human treatment. Although the 
original toxin on hand and that prepared for the monkeys 
was sufficient, the toxin to be used for the human trials had 
to be prepared under more specific conditions that would, 
from best judgment, mccl approval by the FDA. Botutinurn 
toxin is the first microbial protein to be used via injection for 
the treatment of human dieae. There was no precedent for 
the use of a microbial toxin in this manner, and protocols for 
this work had to be implemented. The important consider-
ations regarding the toxin were its purity and dose on 
injection. The production by culturing and the purification 
had to he carried out so that the toxin was not exposed to 
any substancu that might contaminate the final product in 
trace amounts and cause undue reactions in the patient. 
These restrictions required culturing in simplified medium 
without the use of animal meat products and purification by 
procedures not involving synthetic solvents or resins. An-
other concern was the problem of long-term stability of the 
toxin so that a supply was always available Dilution of the 
toxin from milligram quantities to a solution containing 
rtanograms per milliliter presented a problem because of the 
rapid loss of specific toxicity on such great dilution. Toxin 
can be diluted in pyrogen.Iree water or saline if used 
immediately for treatment, but stabilization of the loxin for 
longer periods requires the presence of another protein such 
as gelatin or albumin (173, 177) Although the corrimcrcial 
hutulimatin type A product is prepared in the presence of 
human serum albumin, the use of hurnan serum albumin 
presents potential problems in that certain stable viral agents 
carried through from donors could conlansimtatc the toxin -
These and other concerns about the preparation and use of 

the toxin for human treatment are reviewed and discsscd in 

the following sections. --
Mechanisms of action of hotuhinuns toxin- The primary 
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structure of the neurotoxin is such that the resulting shape 
(secondary and tertiary structures) causes a highly specific 
binding and block of acetylcholine release at inyoneural 
junctions. 1-totutinum toxin is toxic to all vertebrates through 
weakening of skeletal muscle, and death may come about 
through paralysis of the muscles of respiration. Van Et-men-
gen (226) considered that the toxin acted on the central 
nervous system, but it was later shown that the action is 
peripheral rather than central (50, 60). Most early studies on 
the mechanism of action of botulinum toxin were earned out 
with type A crystalline toxin (29, 33, 79). Botulinum toxin 
blocks cholinergic transmission at all cliolinergic synapses in 
the peripheral nervous system, but conduction along axons 
is not affected (79). The chemical denervation lasts for 
several months, and recovery of neurotransnhission and 
muscle activity requires sprouting of new nerve endings,and 
functional connections at motor end plates. The biochemical 
mechanisms of botulinum toxin in skeletal neuromuscular 
preparations, brain synaptosomes, chromatThi cell cultures. 
spinal cord cell cultures, and Torpedo and Aphrsio prepara-
tions have been reviewed within the last 10 years (45, 81, 
137, 158, 168, 200), 

Preparation and properties of botulinum toxin type A for 
clinical use, The Food Research Institute. University of 
Wisconsin, has been involved in the production of crystal-
line toxin pertaining to food safety for many years. and small 
amounts of this toxin were Used for the work on monkeys. 
However, the toxin that was to be used for human treatment 
by injection required special considerations, and preparation 
and purity of the toxin became essential (180). The type A 
toxin Hall strain was chosen for production of toxin because 
it consistently produced high levels of toxin (1 to 4 million 
mouse 50% lethal doses (MLD,) per nil of culture broth). It 
was originally obtained from J. H Mueller of Harvard 
University (118), and was developed at Fort Detrick, Md., 
by screening for high toxin production. Toxin is produced in 
a nutritive medium consisting of a casein digest, yeast 
extract, and dextrose at pH 7.3. rollowing inoculation, 
growth is usually complete in 24 to 36 h, at which time cells 
undergo lysis. Complete lysis and clearing of the culture take 
2 to 3 days. The toxin is liberated during lysis and is 
activated by proteases present in the culture broth that 
convert a poorly active protoxin to the highly potent toxin. 

The first successful attempt at purification of type A toxin 
from culture broths was accomplished by Snipe and Sommer 
(203) at the Hooper Foundation at the University ofCalifor-
nia in 1928, when they showed that 90% of the crude toxin 
could be precipitated from the spent culture fluid by the 
addition of acid to pH 3.5. About 20 years later, Lamaritra et 
al, (113), starting with the precipitate, obtained the toxin in 
crystalline form, and then Duff et al. (59) improved the 
method; the improved method is the basis for the present 
procedure for purification. The purification of boulinum 
toxin type A in our laboratory for human use was designed to 
be carried out by the simplest procedures and avoided 
exposure to substances such as added enzymes or columns 
of synthetic resins, used in some methods, that could con-
taminate the preparation and be carried into the final injected 
preparations. It is briefly described as follows. The type A 
tOXin in the spent broth was first precipitated by adjustment 
to pH 3.5 with acid; 90% of the toxin was recovered in the 
precipitate. The precipitate was washed with -water, and the 
toxin was extracted with 1 M salt solution at pH 6.5 and 
reprecipitated with acid at pH 3.7. The toxin was extracted 
from this precipitate with 0,05 M sodium phosphate buffer at 
pH 6.8, precipitated in 15010 ethanol at �5°C, redissolved its 
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phosphate buffer, and crystallized in 0.9 M ammonium 
sulfate. This simplified procedure yields, for example. 60 to 
70 mg of small, white, needle -shaped crystals (0.1 to 0.2 mm 
in length) from a 12-liter culture (15 to 1717o recovery). 
Recrystallization under die same conditions yields 20 to 25 
mg of crystalline toxin. 

The crystalline type A toxin contains 16.25’o’  nitrogen and, 
as far as is known, is composed only of biologically active 
amino acids (32, 207) for both the neurotoxin and the 
nontoxic proteins. The isoclectric point of the crystalline 
type A toxin is pH 5.6. Under slightly acidic conditions, pH 
3.5 to 6.8, the neurotoxic component of 150,000 Mr is bound 
noncovalently to the nontoxic proteins in such a manner as 
to preserve or help stabilize the second and tertiary struc-
tures upon which toxicity is dependent. Under slightly 
alkaline conditions (>pH 7.1) and in the blood and tissues of 
animals and humans, the neurotoxin is released from the 
toxin complex. RNA is also associated with the toxin 
complex but has no known role in activity or stability. 

The molecular weight of crystalline toxin was initially 
shown to be 900,000 

Mr 

on analysis in the ultracentrifuge a 
PH 3.8 to 4.4 (161, 173, 181, 229), Putnam et al. (161) showed 
that on elcctrophoresi, the crystalline toxin moved as a 
single substance with a molecular weight of 900,000. La-
manna et al. (115) discovered that purified type A toxin could 
be separated into nontoxic and toxic components, when they 
found that a nontoxic component precipitated erythrocytes 
leaving the toxin in solution. Wagman and Bateman (229) 
also showed that the toxin moved in the ultracentrifuge as.a 
single substance with a sedimentation coefficient of 195 at 
pit 5.6, but at p!-1 7.3 the toxin component (neurotoxin) 
dissociated and moved as a much smaller molecule US). 
Later DasGupta and Boroft (46) showed that at alkaline p1-I 
the neurotoxin could be separated from the nontoxic pro-
teins by column chromatography. 

On diffusion in agar gel at pH 4.2 the crystalline toxin 
moves as a single substance With a coefficient (D) of ca. 2 x 
10 7cm2 s’(161, 178) However, at p11 7.3, near to the pH 
at which the neurotoxin and nontoxic components dissoci-
ate, the diffusion rate of the neurotoxin increased to ca. S c 
10" cm2 s. much higher than the rate expected for a 
globular protein molecule of 150,000 Mr (178). Diffusion 
depends to a great extent on the shape of the molecule, and 
the toxin may take on a, threadlike structure that would 
diffuse faster than a globular structure. 

�rhe biological activity (toxicity) of the toxin, like many 
other biologically active proteins, is due to the spatial or 
conformational structure of the neurotoxin molecule (173. 
182). The nontoxic proteins bound to tire neurotoxin appar-
ently play an important role in maintaining the toxic shape of 
the neurotoxin. Careful handling of purified toxin is there-
fore important for maintenance of stability. l3otulinum toxin 
type A is readily denatured by heat at temperatures above 
40°C,  particularly at alkaline pH Solutions of the toxin lose 
toxicity when bubbles form at the air/liquid interface causing 
stretching and pulling of the t,curotoxin out of its toxic shape 
(173). This denaturation also takes place in an atmosphere of 
nitrogen or carbon dioxide. Dilution in extremely low con-
centrations (nanograrris per milliliter) also tends to decrease 
the stability of the neurotoxin, but this can be prevented by 
diluting with a buffered solution (at pH 6.8 or below) 
containing another protein such as gelatin and certain albu-
mins such as bovine or humeri serum albumin. When the pH 
is raised above 7.3, the neurotoxin is liberated, which is very 
labile. Oec:atuse of its lability the neurotoxin is-not practical 
for medical applications. 
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Crystalline botulinum toxin type A was the first microbial 
protein of this complexity to be considered an injectable 

substance by the FDA, and it was necessary to set down 

specifications for toxin quality. L’he following properties of 

the crystalline toxin obtained from rirarty batches were found 

to be of the highest -quality toxin and were used for evalua-

tion of batch 79-11. which was used in initial studies in 
humans and later licensed by the FDA: (i) a maximum 
absorbance at 218 nm when dissolved in 0.05 lvi sodium 

phosphate buffer at pH 6.8, (ii) an A2,jA275 ratio of 0.6 or 

less, (iii) a specific toxicity for mice of 3 x 1.0 – 2055’ MLD50 

per mg, and (iv) an extinction coefficient (absorbancy) of 

1.65 for 1 mg of toxin per ml in a 1 -cm light path. 
The purity of the crystalline toxin cannot be defined 

strictly in terms of percent purity because of small amounts 

of undefined material absorbing at 260 rim, most probably 
nucleic acid material, which associates with the toxin during 

culturing and is carried through the purification and crystal-
lization procedures. This property is peculiar to certain 
crystalline proteins, in contrast to the crystallization of other 
simpler organic substances. We have based the quality of the 
toxin on obtaining as low an42,jA78 ratio as possible, near 
to 0.55. Toxin from the first crystallization has a ratio close 
to 0.6, and on the second crystallization it should be reduced 
to about 055, which is considered representative of high -
quality toxin. A third crystallization may reduce the ratio 

slightly but at a cost of yield, because only one-third to 
one-half of the toxin is recovered on each crystallization. 
Other crystalline proteins such as human and bovine serum 
albumins have absorbance ratios close to 0,5 (232). If it is 
assumed that the absorbing material at 260 not is nucleic acid 
with an extinction of 20 per mg (12 times that of the toxin), 

the proportion of nucleic acid in a preparation with Pi ratio of 

0L6 would he less than 0.1%. 
Another test of purity and consistency for each batch of 

type A toxin is the banding pattern on solution electropho-
resis and gel clectrophoreis with crystalline toxin and 
reduced crystalline toxin. Al or beloct the isoelectric point of 

56, the toxin moves as a single homogeneous substance, of 
900,000 

Mr 

Toxin reduced with sulfhydryl reagents shows 
the distribution alter electrophoresis Of the nontoxic compo-
nents along with the neurotoxin subunits of 100,000 and 
50,000 /tIF Electrophoresis carried Out on several batches of 
crystalline toxin showed that the toxin is judged very similar 
for each batch (101) - 

The specific toxicity of a high-quality preparation of 

crystalline toxin should be 3 x 10 MLD511 (2017a) per mg. 
The number of milligrams for this determination is based on 
the/I258, using the extinction of 1.65 to convert to milligrams 
of toxin 09/1.65 milligrams of toxin [t3%1) (207). 
Because the immunological properties of type A toxin are 

independent of its toxic properties, the only means of 
evaluating the potency or acetyicholine’hlocking power of 
the toxin is an animal assay (176) The mouse assay for 
toxicity determination may vary depending on the species 01 
IOiCC, their condition, and the conditions under which the 
assay is carrier! out. To minimize he variability, it is 
recommended bar the mouse assay be carried out on any 
preparation used for human treatment with the use of a 
reference standard of type A toxin as described by Schantz 
and K.autter (177) There is no known chemical, physical, 
biological, or imrnu nological test available that can replace 
the mouse test for toxicity evaluation. 

An important factor in the medical use of botuliriurri toxin 
is a method of storage for retention of toxicity. The crystal-
line toxin formerly provided for reference in 1000 assays was 
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dissolved and stored in 0.05 NI sodium acetate buffer (pH 
4.2) at 4’C (177). in which it retained toxicity for Ito 2 years 
before a significant loss (20115) could be detected by mouse 
assay. The difficulty with storing the toxin in acetate buffet is 
that freezing causes complete detoxification and reliance on 
storage at 4°C without danger of freezing is not practical 
under certain circumstances- However, we have found that 
the most satisfactory method of storage is to leave the 
crystalline toxin at 4°C in the mother liquor of the second 
crystallization, in which toxicity was retained for 10 or more 
years. Retaining stability is important because it makes 
available a hi.mlk supply of toxin to draw from over an 
extended period. When the FDA approved experimental 
trials on human volunteers, a large batch of crystalline toxin 
was prepared in November 1979 (designated 79-11) ex-
pressly for the human trials; 100 mg was supplied to Alan 
Scott and 50 mg was retained in storage at the Food 
Research Institute. This batch has been the sole source of 
botulinumn toxin type A accepted by the FDA for human 
treatment and has been used by many physicians throughout 
the United States and some foreign countries. However, 

some loss in toxicity 

has occurred in batch 79-11, and we 
recommend that fresher batches of toxin periodically be 
prepared to avoid detrimental changes that may occur on 
aging. Crystalline type A toxin prepared in our laboratory 
does not appear to differ in potency or clinical efficacy from 
type A toxin prepared in England by using anion-exchange 
chromatography and Rfase treatment (133, 222). However, 
we do not recommend the use of methods of purification 
involving enzymes, various exchangers, or synthetic sol-
vents because of the chance of contamination. 

Preparation of the toxin for dispensing as a drug and 
compatible for injection into muscle required (i) dilution in a 
suitable medium for stability of toxicity, (ii) filtration for 
sterility, and (iii) drying. Diluting a solution of botulinum 
toxin type A from a concentration of 1 or 2 mg/ml to 
nanogram concentrations causes detoxification unless 

an-

other protein is added for protection. Gelatin at 2 to 3 mg/ml 
is generally used at pH 6.2 in the standard procedure for the 
mouse assay for toxin in foods (177). Bovine serum albumin 
has been used at 2 to 3 mg/ml in acetate buffer at p1-14.2 for 
good stability (177), and human serum albumin was adopted 
for medical use. Filtration in the presence of additional 
protein can be carried out successfully to remove bacterial 
contamination without loss of toxicity. However, drying, 
which would have many advantages in long-term stability, 
tinder the conditions with human serum albumin at p1-I 7.3 
resulted in a substantial loss (50 to 90%) of toxicity. This loss 
of toxicity is a very important consideration because of the 
possibility that the inactivated toxin will form a toxoid and 
immunize the patient against the toxin on continued use. 
Various methods of drying, particularly lyophilizatiou, re-
sulted in such losses. Experience with the toxin has proved 
that stability of toxicity is dependent on low pI-I (7), but 
Such low p1-Is are not compatible with injections into muscle 
tiSsue. A significant problem is the development of a tirediurrr 
arid coQdicions to overcome the losses on drying, and 
research for this purpose is being carried out in our labora-
tory. 

Therapeutic applic:itioris of hotulinumn toxin. Clinical stud-
ies have indicated that toxin injections can provide profound 
Symptomatic relief for humans suffering from a wide variety 
of disorders characterized by involuntary movements of 
muscle groups (Table 2), particularly those involved in focal 
or segmental dystonias (25, 64, 92, 127). In 1911, Oppenheim 
(Lii) introduced the term ’dyalonia musdulorum defor-
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TABLE l Focal dystonias and involuntary movement disorders 
successfully treated with botulinum toxin type A’ 

Csndition Symptoms of disease 

Strabismus ............... ....... .... Crossed eyes 
Blepharospasm ....................Spasmodic eye closure 
Hemifaciat spasm ...... ........ ...Facial twitching and spasms 
Eyelid disorders ..................Inward turning of eyelid 
Spasmodic torticollis ............Abnormal movements or twisting of 

the neck and head 
Oromatsdibular and lingual Sustained mouth closure or lingual 
dystonla .............................muscle contractions 
Focal dystonias of the hand.. Writer’s cramp, musician’s cramp. 

hand and arm muscle spasms 
Spasmodic dysphonia ........... Uncontrolled vocal fold spasms 
Other voice disorders .........,. Vocal tremor. stuttering 
t’eurogenic bladder ..... ......... Abnormal urinary control; results 

from spinal cord injury 
A niarnus.............................Uncontrollable anal sphincter 

contraction 
Limb apasticity......... ...... .....Occurs following stroke and other 

neurological disorders including 
cerebral palsy 

Listed approximately in decreasing order of numbers of patients treated 
M. 95. 179. 191). 

mans" to describe children who had movement disorders 
such as twisted postures, bizarre walking with bending and 
twisting of the torso, and severe muscle spasms. Oppenheim 
pointed out that progression of symptoms often resulted in 
fixed postural deformities. Dystonia is currently defined as 
"a syndrome of sustained ªstiscl’ednLractions. frequently 
causing twisting and repetitive movements or abnormal 
postures" (64. 127). Dystonia can affect all regions of the 
body (127). Many patients with dystonias have been diag-
nosed as experiencing psychological stress and referred for 
psychological therapy (64). but were later found to suffer 
from specific neurological diseases (, 127). Adult onset of 
focal or segmental dystonias (which affect only one or a 1w 
muscle groups) are more common than generalized dysto-
nias (6.4. 121). A study in Minnesota estimated the preva-
lence of various dystonias to be 391 per million population 
(147). Focal dystonias may spread and lead to generalized 
dysconia, in which several muscle groups are involved. 
Focal dystonias progressed to generalized conditions in 
nearly 6090 of affected children (onset before age 13) and in 
about 317n of adults (onset after age 20) (127), 

Crystalline botulinum toxin has had great benefit in the 
treatment of involuntary muscle conditions, and injection of 
toxin is now considered the most effective treatment for a 
variety of focal dystonias (25, 98. 191). On injection the toxin 
acts directly or indirectly to alleviate conditions that result 
from muscle hyperactivity. Direct paralysis of target mus-
cles is desired for certain indications inctttdirtg hlephztro-
spasm, torticollis, and other focal dystonias. Depending on 
the syndrome, toxitt injection generally relieves undesired 
muscle movement for a few months, alter which the abnor-
mal movement returns and repeated injections are required. 
Paralysis of certain muscle groups can also lead to secondary 
desired effects (191). For instance, paralysis of a hyperactive 
muscle enables compensation by a weaker muscle, as in 
treatment of strabismus and certain limb muscle spasmodic 
disorders. In these conditions, the balancing of agonist and 
antagonistic muscle systems is the desired effect (191). 

Strabismus was the first syndrome for which botulinum 
toxin therapy was introduced as an alternative to surgery 
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(188. 189. 192). Holulinurn toxin is usually injected into the 
recti muscles with a Teflon-coated needle and electromyo-
graphic guidance to ensure accurate placement in the mus-
cle: this is usually an office procedure. The toxin evokes a 
temporary denervation and muscle weakening, allowing the 
globe to return to normal alignment. Although botulinuin 
toxin will not replace conventional surgical treatment, it has 
proved to be a useful adjunct to surgery in certain cases (189, 
191). 

Botuliuum toxin is being used primarily for the correction 
of focal dystonias and other regional movement disorders. 
One syndrome approved for treatment is essential blephai-o-. 
spasm, in which persons suffer from Involuntary eyelid 
closure. l3lepharospasm is often accompanied by involun-
tary movements of head and neck muscles, a condition 
known as Mcige syndrome (98). Meige syndrome manifests 
as uncontrolled blinking (blephet-ospasm) plus involuntary 
facial grimacing, frowning, facial contortions, spasmodic 
speech, and neck pulling (spasmodic torticollis) (24, 25). The 
age of onset of blepharospasm is often SO to 70 years, and the 
syndrome may progress to other muscle regions. Injections 
of botulinum toxin type A into the orbiculans oculi muscle 
has given clinically significant benefit in 70 to 90% of more 
than 8,000 treatments (98). In most patients, ’the latency 
period from injection to Onset of improvement was 2 to S 
days and relief persisted for an average of 3.5 months. The 
average dose was Ca. 20 U (191). In some treatments, toxin 
diffused to neighboring muscles and caused temporary pto-
sis. Some patients have received repeated injections for 7 
years or more, .and no adverse long-term effects have been 
observed. . 

Hemifacial spasm is an often disfiguring syndrome char-
acterized by involuntary movement of facial muscles con-
trolled by the seventh facial nerve. Patients often find the 
movements disfiguring and socially and functionally Incapac-
itating (25). Treatments with neuroleptic medications have 
been entirely ineffective. Injection of botulinum toxin (gen-
erally 10 to 20 U) has relieved hemifacjal spasm in more than 
9017o of the patients treated. Most patients experience relief 
for 3 to 4 months, after which repeated injections have 
provided long-term relief in most individuals. 

Spasmodic torticollis (cervical dystonia) is a dysronia 
affecting neck muscles and causing the head to involuntarily 
deviate in any direction (25, 75, 98, 208). it is among the 
most common dystonias, and the spasmodic contractions 
can cause posture deformity, head tremors, and pain. Over 
1.000 cases of spasmodic torticollis have been treated, and 
the studies have reported improvement in 50 to 90% of the 
patients, depending on the dose and placement of the toxin. 
Comparatively large doses of botulinum toxin are used for 
injection at multiple Sites. The larger quantities of toxin can 
diffuse to neighboring muscles, causing piosis and other side 
effects, 

Certain other diseases irmvolvirsg.involuntry ocic 
movements have been successfully treated with botulinum 
toxin in a limited number of patients (reviewed in references 
25, 98, 11, and 218). These include writer’s and musician’s 
cramps, hand tremors, spasmodic dysphonia and other la-
ryngeal dystonias, neurogenic bladder as a result of spinal 
cord injury, spasms of the rectal sphincter (anismus), litith 
muscle spasms following stroke, leg spasms from multiple 
sclerosis, and spasticity in children with cerebral palsy. 
Botulinum toxin could peterstially benefit humans who suffer 
from a variety of other hyperkineticrrtovement and muscle 
tone disorders ircluditg- tics. tremors, hnixjam, and �pain 
brought on by muscle spasms (25, 98. 99, 218). 
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Although botulinum toxin is currently used for treatment 
of regional muscle groups, limited success has also been 
achieved with patients who suffer from hyperactivity of 
several muscle groups. Botulinum toxin has found limited 
use in tardive dyskinetic syndrome (221), a chorea marked 
by irregular dystonic movements and postures that can 
develop in mentally ill patients alter treatment with rteuro-
lptic medications. Some of these patients experience 
marked distress and suffer from disparate spasmodic disor-
ders including repetitive blinking, backward arching of the 
head and trunk (retrocollis), rocking of the body, mouth 
grinding (bruxism), and involuntary voice sounds and grunt-
ing. In a pilot study, four patients were injected in diverse 
muscles and marked improvement was found in 2 weeks in 
all four individuals. Not all movement disorders in these 
patients improved, but several did including retrocollis, 
mouth control, and bruxistu. Treatment of tardive dyskitetic 
syndrome by chemical denervation with botulinum toxin is 
complex because it involves different muscle groups. The 
strategy has been to focus toxin injection on the most 
involved muscle groups. 

Generalized dystonias such as those observed in Parkin-
sonism present difficult problems for treatment because of 
the many muscles involved, but it is possible that if a proper 
method of administration could be worked out, these gener-
alized conditions could be treated with toxin. One possible 
but untried route is the administration of low intravenous 
doses by which the toxin would spread regionally to many 
muscles. 

Side effects or botulinum toxin. No adverse clinical effects 
of botulinum toxin have been found in patients who received 
low doses of botulinum toxin, e.g., 20 U. Single -fiber 
electromyography analysis has shown that injection of rela-
tively large quantities of botulinum toxin (140 to 165 U) leads 
to toxin spread, weakening of distant muscles, and unchar-
acterized subclinical effects fl 16). 

The primary side effect associated with local injections of 
botulinum toxin is weakening and ptsis of nearby muscles. 
One of the most prevalent and disturbing side effects is 
dysphagia, or the inability to swallow, and several patients 
have experienced upper airway obstruction after treatment 
with relatively high doses (>150 (.1) of botulinum toxin (25, 
208). Dysphagia may be related to generalized weakness and 
inability to hold the head erect (75) or to weakening of 
muscles involved in swallowing. It may also be related to the 
dose and injection strategy used. To prevent dysphagia, 
Borodic et al. (23, 24) have recommended, on the basis of 
studies of toxin diffusion in tissues, the use of :5100 U per 
treatment injected into several Sites. Further research is 
needed to identify the lowest dosq of toxin and sites of 
injections that will produce the desired control and prevent 
migration of toxin to neighboring muscle groups. Local side 
effects could be increased in Patients who are being treated 
with drugs other than botulinum toxin iht affect neuromus-
cular transmission (4). 

There is intercst among physicians in developing methods 
to prevent the spread of toxin to neighboring muscles. Scott 
(190) demonstrated that injection of antitoxin at the correct 
time following toxin injection partially prevented toxin rid-
gration. The currently available equine antitoxin could lead 
to undesirable reactions in some patients, and it would he 
valuable to have a source of human antibodies. In January 
.1991, human immunoglobulin 0 pooled from immunized 
human volunteers became available its a phase If clinical trial 
by the Orphan Drug Program of the FDA as a potential 
treatment for infant botulism (70). A similar pool of human 
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antibodies could also be useful to alleviate side effects of 
botulinum toxin injections without leading to patient reac-
tion to the antiserum. 

Changes in muscle tissue following botulinum toxin type A 
injections. Changes in skeletal muscles after botulinum toxin 
type A injection have been studied in animal models (53, 56, 
57, 1.55). Duchen (56. 57) found that muscle fibers became 
atrophied and sprouting of nerve fibers was induced after 
injection of toxin into the leg muscle of mice. Sprouting of 
motor nerves was observed after 6 to 7 days and progressed 
for several weeks in the red soleus muscle, it occurred later 
in the predominantly white gastrocnemius muscle. Nerve 
sprouting occurred as complex branched arrangements 
which were apparently unable to establish functional con-
nections for several weeks. The muscle fibers atrophied for 
6 veeks or more and then increased in diameter to within 
normal limits within a few weeks. Changes in the localization 
and intensity of cholinesterase staining reflected the morpho-
logical changes. This work was important because it pro-
vided a new approach to quantitative characterization of 
renervation of denervated muscle. Pestronk and Drachman 
(155) evaluated motor nerve sprouting quantitatively after 
presynaptic blockade with botulinum toxin by measuring 
acetylcholine receptors with nsllabeIed ct-bungarotoxin. 
Muscle disuse was maintained by repeated injections of 
tetrodotoxin. They showed that the amount of sprouting was 
correlated with the number of acetylcholine receptors and 
was greatest in the botulinum-poisoned muscles. Sprouting 
was inhibited by -bungarotoxin, suggesting that the acetyl-
choline receptors had an important role in inducing sprouting 
and muscle renŁrvatinn These results suggest that the use of 
a combination of botulinurn toxin and cs-bungarotoxin could 
prolong muscle paralysis. 

In an approach derived from that of Duchen (56, .57), 
Borodic et al. (23-26) have used the albino rabbit as an 
animal model to quantitatively determine toxin spread from 
the site of botulinum toxin injection. Acetylcholinesterase 
staining. muscle fiber size analysis, and ATPasc staining 
were used to establish a denervation gradient. A gradient 
effect up to 30 min from the Site of injection of 2 to 3 U of 
botulinum toxin type A per kg was found with respect to 
morphological changes in muscle fiber size and histological 
staining. At distances greater than 30 mm, there was sub-
stantially decreased staining and much less muscle atrophy, 
Very similar results were found in a study with crude type B 
toxin (26)- The denervation indicated by histochemical stain-
ing and fiber size analysis appeared transient and lasted for 
about 3 months for both type A and B toxins. By using 
muscle biopsies, innervation sites were also determined with 
humans (23-25). Borodic et al. (23) have also used electrical 
stimulation to determine motor points arid optimal injcctioh 
sites in botulinum toxin therapy. 

Immunity to botulinum toxin. There is considerable con-
cern about the possibility that patients will develop antibod-
ies and become refractory to botuhinurn toxin treatment, 
particularly when relatively high levels of botulinum toxin 
are injected repeatedly over scvernl years. The close of toxin 
required to trigger antibody formation in humans is not 
known. The minute quantities of toxin ingested in food -
borne botulism arc not sufficient to evoke antibodies. Recur-
rent episodes of type B and type E botulism have been 
documented in the same individual, supporting the notion 
that repeated exposure to botulinum toxin may not impart 
long-term immunity (6, 186)- Repeated sensitivity to tetanus 
toxin in humans has also been reported (34) - - 

Toxoid is commonly injected into laboratory workers to 
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stimulate antibodies and protect against accidents. The 
minimum dose of toxoid to elicit immunity in humans varies 
greatly with the individual and the toxoid preparation (3, 80, 
197), but is probably similar to the immunological response 
to tetanus toxoid (73). Repeated injections of botulinum 
pentavalenc toxoid after 0, 2, and 12 weeks and yearly 
boosters gave final titers of 12 IU of anti-A antibodies, 0.4 
Hi of anti -B antibodies, and 2.5 IU of anti -E antibodies per 
ml in a man (80). Antibodies were slow to develop, and a 
steep rise in the level of anti-A antibodies occurred in the 
fourth year of immunization. In an investigation of 77 
patients subjected to the current U.S. schedule of toxoid 
injection at 0, 2, arid 12 weeks, Siegel (197) reported that 
neutralizing antibodies to type A and B toxins were low or 
absent after the 12-week shot and significant titers were 
present only after yearly boosters. After the first booster, 74 
(96%) had an anti-A antibody titer of 0.25 LU/mI or more, and 
only 44 (57%) of the subjects had an anti-B antibody titer of 
0.25 IU/ml or more. (1 IU is defined as the amount of 
antibody neutralizing 10,000 MLD50s.) 

Antibody formation has been observed in a small number 
of patients injected with botulinum toxin (98, 191). To date, 
about 12 of more than 7,000 patients treated have developed 
antibodies to type A botulinum toxin. Six patients injected 
with 300 to 400 ng and one injected with repeated 100’ng 
doses within 30 days developed antibodies within 30 days 
(391). Antibodies have been demonstrated to reduce the 
beneficial effect of treatment (98). More work is needed to 
evaluate the incidence of antibody formation and other 
immunities in patients repeatedly treated with toxin over 
several years. 

L 
Properties and Uses of Serotypits of Ilotulinum Toxin Other 

� than Type A 

Seven known scrotypes of botulinum toxin (A through 6) 
have been isolated and characterized (213), and it is likely 
that types other than type A will he used clinically, particu-
larly in patients who develop immunity to type A. Further-
more, evidence is accumulating to show that different types 
bind to different acceptors and may have subtle differences 
in their mode of action and that they could therefore corn-
plernent type A in clinical applications. In the following 
Sections. we review various basic science aspects of the 
botulinum toxins, especially as they pertain to potential 
clinical applications. 

Botulism in humans. When botulinum toxin enters tire 
circulation from contaminated food or infection, it can cause 
a severe paralytic disease. Types A, B, and E have most 
commonly been involved in human botulism (168, 213, 215), 
and type F has been the causative type in at least two 
outbreaks of food poisoning (78). Symptoms and severity of 
botulism differ depending on the serotype and amount of 
toxin ingested, suggesting possible differences in the mech-
anisms of intoxication (215). Clinical observations have 
indicated that type A food-borne botulism is often more 
severe and associated with higher mortality than botulism 
from other types (3/, 52, 95), A rapid Onset of neurologic 
signs indicates a more severe episode of the disease (38) 
Benign forms of botitlisin in which the course of the illness is 
milder and longer lasting have also been reported particu-
larly for type 13(43, 100, 109, 209) 

Botulism in humans generally manifests 55 a rapidly 
progressive symmetrical neuromuscular paralysis. PatientS 
with botulism generally stay mentally alert during the poi-
soning unless anoxia sets in (108). Sudden. respiratory or 
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cardiac arrests and airway obstruction, leading to death, can 
occur (109). Cardiac effects of botulinum toxin in animals 
and in humans have been reported (114 215). 

Borulinum toxin most often initially affects eye muscles 
supplied by susceptible cranial nerves, and the first signs of 
botulism are often blurred and double vision (215). As the 
paralysis progresses and peripheral nerves are affected, 
signs such as dry mouth, difficulty in swallowing, weakness 
in head and neck movements, and difficulty in breathing 
become apparent. In type A and B botulism, loss of muscu-
lature control manifests 

as 

ptosis and drooping of eye 
muscles, hypoactive gag reflex, and weakness in upper and 
lower extremities (95). Atypical symptoms including asym-
metric or late -onset of neurologic signs, paresthesia, nystag-
mus, aeaxia, and sensory abnormalities are not uncommon 
(31, 95, 215). Ingested botulinum toxin can paralyze all 
muscles of the body. Symptoms of botulism sometimes last 
for months, and recovery requires renervation by new nerve 
terminal axons and end plates. Weakness and fatigability 
may persist for 1 to 2 years (215). Recovery in adults is 
generally complete (38), but there are reports of central 
nervous system involvement in infant botulism (bOa). 

Since botulism is rarely encountered, it can be difficult to 
diagnose rapidly. Electromyography is useful for -detection 
of decreased amplitude of muscle action potential in weak-
ened muscle (215), and since conduction along the. nerve 
axons is not altered by botulinuni toxin, the proximal motor 
nerve conduction rates and distal latencies are normal (42). 
Botulism is confirmed by the demonstration of botulinum 
toxin in the patient’s serum or stool or in suspect food by 
mouse assay and neutralization with type -specific antitoxin 
(52). Botulinum toxin has been found more Often in the 
serum of patients with type E or B botulism than with type 
A, possibly because of the greater affinity of type A toxin for 
tissue acceptors. 

The actual dose of botulinurn toxin to cause food -borne 
intoxication in humans is debatable and depends on the 
individual, the source and type of toxin, and the amount 
ingested. Accidental eases of human botulism from toxin-
contaminated food showed symptoms of botulism and occa-
sionally death from as little as 0.1 to I i.g (100 to 1,000 ng or 
3,000 to 30,000 MLD50.$) (134, 140, 183), but results were 
quite variable, probably because of individual variation 

in 

the amount absorbed and the stability of the toxin in the gut. 
More data on toxicity is available for lower animals and 
monkeys. The lethal dose of crystalline toxin type A in mice 
was 1.2 to 2.5 rig (0.03 to 0.07 1.1)/kg (76, 80) and was 05 to 
9.6 ng/kg for guinea pigs and rabbits (76). Scott and Suzuki 
(193) determined that the intramuscular LD50 for juvenile 
niortkeys (Macrica fascicularia) was ca 39 U/kg (ca. 1.25 
ng./kg) of body weight- 1-lerrero ci al (91) reported a similar 
lethal dose of 40 li/kg by intravenous injection in Mucocu 
rhesiLs. in Gill’s table of lethal amounts of bacterial toxins, 
he reported botulinum toxin to be the most potent toxin 
known for primates, the lethal quantity of type A toxin being 
0.5 to 0.7 ng/kg of body weight for monkeys and en. I ng (31) 
U)/kg for himaits (76) Larger quantities of rvpc.s C, D, and 
E may be required to cause death in monkeys, whereas less 
type B is required (76), No data on intravenous toxicity are 
available for humans for botulinum toxins, but humans arc 
probably as sensitive is guinea pigs and would be expected 
to be about as sensitive as monkeys. - 

Toxin production by the various serotypcs of C. bawilnum, 
Use of the various types 01 botulinLim toxin in medicine will 
require a plentiful source of the toxins. The production of 
type A toxin under controlled conditions by the I-Jail strain, 
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as used for the preparation of toxin for human treatment. 
gives a uniform crystalline toxin in high yields. The (OXiO 
complexes of the other types have also been obtained by 
culturing and purification and could be useful clinically. 
Kowcvcr. the strain, medium composition, and culture 
conditions affect the yields and structures of the botulinurn 
toxins. 

To obtain the greatest quantity and highest quality of 
toxin, it is essential to maintain strains of C. bot,iliaum that 
consistently produce high levels of toxin- However, the 
bacterium has a frustrating tendency under laboratory con-
ditions to gradually lose its ability to produce high levels of 
toxin. Lewis and Hill (118) reported that the Hall strain made 
decreasing quantities of toxin on successive subcultures. 
1-luhtanen (96) also reported that strains of type A and B 
toxins frequently become nontoxigenic during culture. A 
more complete understanding of the physiological and ge-
netic factors that control toxin production will be valuable 
for the development of other types. 

The highest levels of toxin in group I C. hotutinum 
(proteolytic strains of types A, 13, and F) are generally 
produced in cell populations that undergo rapid autolysis and 
do not sporulate (21, 27), although Siegel and Metzger (198) 
obtained titers of 6.3 x 101 U with the Hall strain in a 
fermentor without appreciable cell lysis. Toxin formation is 
poor during sporuhation. and spores Contain only small 
quantities of toxin (ca. 1% of that found in cytoplasm) (58, 
77). Takumi et al. (216) reported the isolation of nontoxi-
genie variants of C. bonthnum type A that had enhanced 
sporulation. The strain used for production of type A, the 
Hall strain, sporulates very poorly. Therefore, encouraging 
vegetative growth and autolysis and discouraging spore 
formation may be important for obtaining good yields of 
toxin. 

Toxin formation is controlled by nutrition in group land II 
C. botulinum (119, 152). Arginine delayed autolysis, affected 
sporiilation, and repressed toxin formation in group I C. 

botu/ir,tun (28, 154). Toxin formation -was repressed about 
10.000-fold in group I. including the Hall A and Okra B 
strains, when abundant argininc was available in the medium 
(152). probably owing to nitrogen repression of toxin gene 
eXpresSiorL Protease was also decreased by arginine in 
group I C. botulinum. In group II C. boujilnum (nanprotco-
lytic stittins of scrotypes It, E. and F), tryptuphan availabil-
ity repressed toxin formation, probably also in response Ia 
nitrogen sufficiency (119)- These results indicate that fer-
mentation conditions and mutant strains could he developed 
for improved toxin production. 

Significance of complexes on toxin quality. The strain and 
culturing conditions also affect the quality of toxin that is 
produced. Schantz and Spero (181) found that botulinurn 
toxins of the different serotypes occur in spent cultures as 
large protein complexes. In the ultracentrifuge the sedimen-
tation coefficients for tIne comnpiexes were 19S for type A. 
lOS for type B, and US for types C, B, F, and F. Sup and 
Sakaguchi (211) showed that high -molecular-weight toxin 
complexes occur naturally in foods. It is now known that 
each of the types of holulinum toxin produced in food or in 
culture are cotijugated proteins ranging in molecular weight 
from 300,000 to 900,000, comprising a molecule made up of 
one or two neurotoxic units of shout 150.000 Al, nonco-
valently conjugated to nontoxic proteins (168. 151. 213). 
The formation of toxin complexes is very important for 

use of the toxins in medicine because the nontoxic proteins 
play an important role in maintaining the stability of the 
neurotoxic units. Isolated neurotoxic units were poorly tO5C 
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to mice when administered orally (169, 170. 210). Pcrorut 
toxicity increased with incremental association of’ the neu-
rotoxins with the protective proteins (150. 168-170. 711)). 
The larger (19S and [6S) complexes ofbofljlirtum toxin types 
A and B were more toxic by the oral route and more resistant 
to acid and pepsin than were the smaller complexes. The 
isolated netirotOXins were rapidly inactivated by these con-
ditions. Variations in the toxigenicities of different strains 
also probably.depend on differences in the structures of the 
complexes. Ohishi (150) found that the oral toxicitics dif-
fered considerably for the toxins of certain type A and Li 
strains of C. botulinurn. Of five fl strains. Okra B produced 
the most potent toxin by oral challenge in mice. The 16S 
complex of the toxin was 700 times more potent than the loS 
molecule from strain NH-2. A hybrid composed of the 
nenrotoxin from NH-2 and the nontoxic components from 
Okra increased the oral toxicity close to that of the native 
Okra toxin, probably by protection of the neurotoxin in the 
gastric and intestinal tracts. 

The size of the complex formed in types A. B, E. and F 
depends on the medium for bacterial growth. It has been 
known for years that some foods such as vegetables have 
high botulinogenic properties (134, 212). Sugii and Sakaguchi 
(212) showed that type A and B C. boruitnum produced the 
stable 19S and 16S high-molecular-weight complexes in 
vegetables, whereas they produced the less stable 12S com-
plex in tuna and pork. Nonconjugated neurotoxin was not 
found in any of the food substrates. They found that addition 
of iron or manganese to the growth medium resulted in a 
higher concentration of small toxin complexes (125 and lOS) 
in type A C. botg,Iin.,um. suggesting an influence of metals on 
the size and stability of the complexes. 

Biochemical and genetic properties of the neurotoxin corn-
portent. The biochemistry of purified botulinum neurotoxins. 
particularly type A toxin, has been studied in considerable 
detail, and authoritative reviews are available (45, 81. 213). 
Neurotoxins have been purified for all serotypes except for 
type G. the type G toxin has been purified to a protein 
complex of high toxicity, but further purification resulted it, 
substantial loss of toxicity (126, 146). Within a given type of 
toxin and strain of producing bacterium, there may he 
considerable heterogeneity in molecular structure and anti-
genicity, giving a mosaic structure (139). The neurotnxints all 
have high specific toxicities, from ił to  103 MLD50s/mg of 
protein (213). 

All types of neurotaxins are synthesized as single -chain 
protein molecules of about 150.000M, with low toxicity. The 
proroxins are released from the bacterium during culture 
(48). Those of proteobytic (group I) C. botulinum strains are 
cleaved by extracellular proteases into two-chain molecules 
consisting of an I-b (heavy) subunit of about 100,000 M, and 
a L (light) subunit of about 50,000 M, (45, 47, 48, 171. 196). 
Toxin preparations from nonproteolytic cultures require 
exogenous protcasc treanonctit for prutoxin activation. The H 
and L chains are covalently linked by at least one disulfide 
and noncovalenit bonds (45) and possibly a metal component 
(10. 11). -The H and L chains of the neurotoxins can be 
separated by chromatography after treatment with dithinn-
threitol and urea (171). The isolated chains are not toxic by 
themselves but can be recombined under carefully con-
trolled conditions to obtain active toxin (110, 123, 214, 230). 
Recently a chimeric toxin which retained considerable ac-
tivity was prepared between the L chain of tetanus toxin and 
the H chain of botulinum toxin type A (230). Chimeric toxins 

composed of defined fragments, e.g.. the H. chain from 

botulinum toxin and the L chain from ricirt. could be 
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valuable in medicine, but much work needs to be done on 
their fornla(ioti and clinical testing. 

During proteolyric cleavage the ncurotOxins undergo a 
molecular change in shape that increases toxicity (48). The 
nicking region was recently reported to contain multiple 
target sites susceptible to more than one protease (.tS, 47). 
DasGupta and Dekleva have proposed that two peptide 
bonds in a short region are cleaved at different rates during 
maturation of type A toxin and that 10 amino acids are 
excised (45 47). The control of proteolysis to increase 
stability could be useful in the preparation of the toxins for 
medicine, as has been achieved with tetanus toxin, and to 
obtain defined fragments for construction of toxins with 
desired properties. 

The presence of metals in neurotoxins may affect their 
stability. Flhauacharyya and Sugiyama (10, 11) reported that 
chelators for iron and manganese inactivated purified type A 
botulinum toxin and tetanus toxin. Analysis of purified 
botulinum neurotoxin for metal content by neutron activa-
tion indicated that one atom of iron was present for each 
toxin molecule. It was suggested that metals may be in-
volved in linkage of the H and L chains of botulinum and 
tetanus neurotoxins (10, 11). Kindler and Mager (107) found 
that metal availability in the culture medium affected the 
formation of toxin. Culturing C. bc,ruiinurn in a medjum 
containing EDTA did not inhibit growth but completely 
suppressed toxin formation. The biological activity of botu-
linum toxin may depend on a transition metal component, 
possibly Fe. The presence of metals could be important in 
maintenance of activity and protection from oxidation during 
drying and for long-term stability. 

Recent genetic -advances have increased our understand-
ing of the structure and expression of the botulinum, toxins, 
The genes coding for botulinum neurotoxin types A, B, and 
E are present in one copy on the chromosome in repre-
sentative strains (14, 219). Genomic libraries of C- bomlirrum 
type A chromosomal DNA (strain 62A or NCTC 2916) were 
prepared on plasmida and transformed into Escherichici coil. 
For safety reasons, separate subfragments that were 2 kb or 
less in size and did not encode the entire neurotoxin gene 
were cloned. Open reading frames which encoded a se-
quence corresponding to a polypeptide of 1.296 amino acid 
residues, 149,425 Mr (14) or 149,502 

Mr 

(219), were identi-
fied. The nucicotide sequences were in agreerrient with the 
partial nucleotide sequence reported by Uetley et al. (9), The 
promoter of the BoNT/A gene was not transcribed in E. colt; 
this may have been caused by the frequent presence of 
codons in the promoter region that are not normally present 
in E. coil. Codon usage in the botulinum toxin gene was 
similar to that previously found for the tetanus toxin gene 
(6). 65, 66). Overall, 90.3175 of the degenerate codons ended 
in A or U. An exception to the codon bias occurred for Lys 
codons, in which the frequency of AAA and AAG was 
nearly the same (24 AAA and 20 AAG) (219) compared with 
98 AAA and 9 AAG for the tetanus toxin gene. In C. 
bon,li,irrrn. AUG and IJAA were transtatinal initiation and 
crrninzrt ion codons, respectively, and strong bias was found 
for Arg and 5cr codons. Binz et at. (14) found that the A+T 
conFetti in tic 5-rioncodirig region of the type A and type E 
toxin genes was 804 and 80311a. respectively, higher than in 
the coiling regions, where 73.6 and 72.1% A -FT were found -
Examination 01 the upstream region indicated that transcrip-
tion started 118 to 127 nucleotides upstream ft urn the trans-
lation initiation site (14). Regions of dyad symmetry were 
demonstrated in the 3’ rrnncoding region that may he in-
volved in regulation of transcription. Binz et at. (14) con-
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eluded that botulinum neurotuxin type A was translated 
from a mOnOCiS(ronic RNA and that the mRNA did not ols 
encode the hemagglutinin and other nontoxic proteins of the 
natural toxin complex. Thompson et al. (219) also concluded 
that a single open reading frame was translated, giving only 
the neurotoxin protein. 

The sequence of the type A neurotoxin gene indicated that 
botulinum neurotoxin A does not possess a signal peptide in 
the terminal coding regions, supporting the notion that it is 
not a secreted protein. Cys residues are conserved at posi-
tions 1060 and 1280 of botulinum (and tetanus) toxins, and 
Cys-454 occurs at the same position in C. bolulinum type A, 
B, and E toxins and in tetanus toxin (61). Cys-454 is the sole 
Cys residue in the N-terminal region of the H chain and is 
probably involved in disulfide bridging of the L and H 
chains. Cys-430 is also located at an identical position in 
botulinum and tetanus toxin L chains. Sequence analysis of 
botulinum type A toxin indicated that the H chain of type A 
neurotoxin had six histidine residues arranged in a motif 
which the authors suggested could be involved in the bio-
logical action of the toxin, possibly penetration through the 
nerve membrane. The deduced amino acid sequences of 
botulinum toxins had about 331% homology to tetanus toxin, 
and the H chains showed higher homologies than the L 
chains (14, 219). No homologies were detected to other 
proteins including ADP-ribosylating clostridial toxins. 

The DNA sequences have also recently been obtained for 
other botulinum toxins including type D. Cl, and E neuro-
toxins and the C3 ADP-nbosyltranferase (13, 71. 72, 87, 105, 
106, 157). Highly homologous regions were detected among 
the various neurotoxin gene sequences and tetanus toxin 
gene. The C3 gene was found to be unrelated to C1 and 0 
neurotoxin genes. 

Structure and properties of nontoxic protgins of the toxin 
complex. Relatively little is known concerning the biochem-
istry and genetics of the nontoxic proteins associated with 
neurotoxin in toxin complexes. The type A complex con-
tains at least two nontoxic proteins, one of which has 
hemagglutinating properties (115). Strains of C. boluliniun 
that do not produce hemagglutinin have been isolated, and 
these form smaller complexes (12S and 16S) than are nor-
mally found (19S) (111, 135, 21)). The in vitro addition of 
hemagglutinin to the 12S complex results in formation of a 
195 complex with increased stability (ill). Binding of the 
hemagglutinin was inhibited by a heat -stable, dialyzable 
substance that has not been isolated (211), 

DasGupta (44) reported that the hemagglirtinins of type A 
and B toxins were constructed through aggregation of two 
small units of about 15,000 and 20,000’M,. Recently, Somers 
and DasGupta (204) stitdie1j nontoxic proteins from type A, 
B, C1, arid E toxin complexes. The proteins isolated from 
types A, B. and E had various degrees of hemagglutinating 
activity (Hnr), while the protein from type E had no 
hemaggluiinating activity (Hn). The type A 11n and type B 
1-In were serologically crossreacrive. Type A 1-In r, type 13 
F-In and ’type C f-In’ were isolated as large aggregates 
(220,000 to 900,000 ,’r.l,), which were separated into multiple 
subunits of aeI7,000 Mr by sodium dodecyl sulfate-polyacryl-
arnide gel electrophoresis (SOS-PAGE). The type E Hn of 
116,000 It’Ir did not aggregate. The sequences of the 10 to 3.3 
amino-terminal regions of the 17,000, 21,500, 35,000, and 
57,000 M, subunits of type A I-li, and type B Hn were 
determined. Each of the subunits had a unique sequence, 
indicating that the subunits were not homomers of smaller 
units, The subunits types A and 9 had remarkably similar 
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sequence identity; i.e., the 21.500 Mr SUbUOiLS were identical 
and the 51,000 Mr subunits had 80% identity. 

An understanding of the genetics of the hemagglutinin 
component of the toxin complexes is also developing 
Oguma et al. (148) showed several years ago that the 
capacity to produce hemagglutinin in C. bôuillnurn type C 
was transferred by phages either separately or together with 
toxin. Physical linkage of a hemagglutinin gene and toxin 
gene was confirmed, and it was shown that the toxin and 
hemagglutinin genes were transcribed in opposite directions. 
Tsuzuki et al, (224) cloned the gene encoding the main 
component of hemagglutinin produced by C. botuliinim type 
C. The complete nucleotide sequence of the gene indicated 
that it encoded a protein of 133,000 M,,. At 62 bp downstream 
from the termination codon of the cloned 33,000 Mr subunit 
of type C His was an initiation codon followed by a coding 
sequence for at least 34 amino acids. Somers and DasGupta 
(204) found that the derived amino acid sequence of this 
open reading frame had 13 to 84% sequence identity with the 
17,000 M subunits of type A Hn" and type B Hn and 
significant similarity with the N terminus of type E Hn. 
This observation raises the interesting possibility that genes 
for some of the subunits have a similar genetic arrangement 
and a common ancestral origin. It is interesting that a 
sequence homology has been proposed between tetanus 
toxin and the hemagglutinin of influenza virus (138), indicat-
ing a possible viral origin of the neurotoxin. 
New findings in the mechanisms of action of the different 

types of botulinum toxins. Botulinum neurotoxins A to G are 
anrigenically distinct yet have a number of structural and 
mechanistic similarities. All of the neurotoxiri types cause a 
chemical denervamion at the myoneural junction by inhibiting 
acetylcholine release. However, there appear to be subtle 
differences in the mechanisms of action of the neurotoxins. 
Toxin types A and E, type B, and type F apparently bind to 
distinct high-affinity acceptor regions with similar affinities 
(K0 10> to 10° nM) in synaptosomes and at ujurine 
neuromuscular junctions (20. 45, 62, 110, 128, 228, 233). 
finding may occur in regions composed of sialosyl residues 
and protein (184) and may first involve low-affinity associa-
tion of the H chain followed by high-affinity atachment. In 
addition to binding to different acceptor regions on the nerve 
surface, botulinum toxin types A and B have been reported 
to affect neurotransmittcr release differently (74, 137). Eke-
trophysiological studies have shown that type A affects 
asynchronous neurotranslrtitter release, whereas type B 
does not (137). Furthermore, an increase in the intracellular 
Ca concentration by ionophore treatment reverses inhibi-
tion by type A but not type B in synaptosome preparations 
(5), and arninopyridine more readily reverses type A than 
type B inhibition at the myonetiral junction (74). 

Both the H and U chains of the neurotoxin may be 
required for poisoning in invertebrate systems (123, 158). In 
mammalian peripheral motor nerve terminals, the L. ct-iain 
alone is active alter it is internalized (15, 49). The precise 
mechanism of blockade by the L chain is unknown, but it 
must affect a general and important component of the 
secretory machinery in various classes of neurons. Botuli-
nuns toxin blocks the release of several classes of neuro-
transmitters at central and peripheral neurons (1.5, 120). 
Recently, it has been proposed that the L chain may act At an 
intracellular membranous or cytoskeletal site to inhibit neu-
rotransmitter release (5, 1.20). Because of the extraordinary 
toxicity of botulinum toxin, it is likely that it has enzymatic 
activity and acts catalytically or triggers a caccac!z of events 
that decrease neurotransmitter release. The intracellular 
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substrate of botulinuin toxin remains an elusive grail that is 
being pursued by several laboratories. 

An objective in treatment of hyperactive muscles is to 
prevent possible systemic reactions which could result from 
spread of toxin through the blood. Antibodies could be used 
therapeutically by application to the injection site to help 
limit the diffusion of toxin and alleviate side effects such as 
ptosis (190), or it may also be possible to add the nontoxic H 
chain after toxin injection to block toxin binding to neigh-
boring nerves. The most desirable approach to avoid spread 
would be to confine the paralyzing action within the presyn-
aptic nerve. An interesting recent development is the finding 
that stabilized tuRNA (3’ polyadenylated and 5’ capped) 
corresponding to the nucleotide sequence of tetanus toxin 
gene (L chain) injected into Apiy.cfa californica cholinergic 
neurons in a bath depressed neurott’ansmitter release in less 
than I h (136). Similar results were found for rnRNA of the 
L chain of botulinum A toxin, but only when the H chain was 
also added to the bath. The L chains of tetanus and botuli-
num neurotoxins were demonstrated to be synthesized in the 
presynaptic neurons, and onset of toxin action was slower 
than that of neurotoxins injected directly. 

The subtle differences in botulinum toxin mechanisms 
among the various seromypes suggest that combinations of 
botulinum toxins could be more effective in clinical practice 
than any one type alone. Further work is needed to produce, 
stabilize, and test the clinical effectiveness of different types. 
Preliminary work indicates that types B (26) and F (187) arc 
useful in controlling certain spasmodic muscle disorders. 

Clinical Use of pure neurotoxin compared with toxin com-
plexes. Most recent information concerning the structure and 
pharmacology of botulinum toxin has been obtained with 
purified neurotoxins, but it is unlikely that these will be used 
in a clinical setting. The toxin complexes are much more 
,,table than neurotoxins and can be diluted and formulated 
with retention of toxicity. Pure neurotoxins can be kept for 
several weeks to months in solution in the cold but are 
inactivated on dilution. formulation, and drying. No clinical 
trials on primates have been performed with purified neuro-
toxins, 

Sellin et al. (195) reported that injection of 1 to 20 U of 
crystalline type A botulinum toxin into the lower hindlimb of 
the rat produced a paralysis that lasted for sever-al days. In 
contrast, injection of more than 1,200 U oltype B neurotoxin 
was required to produce paralysis. The duration of paralysis 
was compared after injection of 20 U of type A.or 5,000 U of 
type B toxin. Type A toxin caused paralysis for up to 7 days 
after injection, whereas type B toxin caused paralysis for 
only 13 days and twitching became evident at S to 7 days. It 
was also reported (104, 194) that pure type A neurotoXin was 
much more effective than type E or F ricurotoxin in eticitin 
lasting paralysis in the lower hindlimb of rats. 

Tetanus Toxin 

Tetanus toxin, like botulinum toxin, is produced by an 
anaerohia sporeformning rod that has a sirndar morphology to 
C. botulinum (86). Unlike botuhinum toxin, tetanus toxin can 
enter into the central nervous system by retrograde intra-
axonal transport through motor nerves (17, SI, 132). It 
causes uncontrolled spasms of voluntary muscles by block-
ing the release of inhibitory cransmitierx including -y-aml-
nobutync acid and glycinc (132). Tetanus toxin also has 
significant activity in decreasing acetylcholine release in 
cholinergic peripheral nerves when injected locally (54) and 
could possibly be used its an adjunct to or independently 
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from hotulinum toxin for control of hyperactive muscles if 
the acquired immunity could be overridden. Tetanus toxin 
could also be used pharmacologically to transport sub-
stances to the central nervous system (ii, 18). The biochem-
istry and pharmacological activities have been recently 
reviewed (17, 81). Here we consider aspects of the toxin that 
pertain to tetanus toxin production, stability, and potential 
use in medicine. 

Crystalline structure, Tetanus toxin was originally purified 
.by Pillemer et al. in the 1940s by precipitation methods. 
They obtained toxin crystals by carefully carrying out re-
peated precipitations in methanol and controlling the ionic 
concentration, pH, and toxin Concentration (156). Tetanus 
toxin, like botulinum toxin, is a simple protein that does not 
contain lipid or carbohydrate (156, 165, 166), Unlike botuli-
nun toxin, tetanus toxin does not occur complexed with 
protecting proteins and will not survive gastric passage or 
cause food poisoning in humans. 
Although crystals of tetanus toxin were obtained in the 

1940s by Pillemer et al. (156) from cold alcohol solutions, 
crystallization was not confirmed by others for several 
years. More recently, two-dimensional crystals of tetanus 
toxin have been isolated from ammonium sulfate solutions 
after incubation for several weeks at 4C (40, 167), Robinson 
et al. (167) obtained two-dimensional arrays of native tetanus 
toxin formed at the interface between a solution of the toxin 
and a phospholipid monolayer containing ganglioside. Crys-
talline arrays were obtained only when all three components 
(toxin, phospholipid, and ganglioside) were present. The 
three-dimensional structure of tetanus toxin at 14-A (1.4-nm) 
resolution appeared as an asymmetrical three-lobed struc-
ture that could interact with the phospholipid monolayer in 
two possible orientations (167). The analysis indicated that 
tetanus toxin is composed of differently shaped domains 
with different functions. 

Biosynthesis and activation of tetanus toxin. Tetanus toxin 
is synthesized intracellolarly as a single polypeptide of 
150,00 

Mr 

that is released from the cells on aruolysis and is 
then modified by proteases present in the medium (81, 88, 
89). The single-chain molecule is difficult to isolate (81), and 
proteolytic modifications of the toxin have caused consider-
able difficulties in the accurate characterization of the mol-
ecule. Single -chain toxin can he prepared from washed 
extracted bacterial cells (118, 162) and by inclusion of prote-
ase inhibitors and use of specific purification procedures (7, 
165, 231). Purified preparations containing protease inhibitor 
can be stored for 4 to 6 weeks Without proteolytic modifica-
tions and loss of toxicity (165). 

Conversion of tetanus toxin to the nicked form increases 
toxicity (7, 81). C. :erani forms proteases that produce 
nicking in culture (231), but many other endoproteases will 
also activate the toxin (2). Three regions in the molecule are 
particularly susceptible to nicking (81, 129). Mild trypin 
treatment of intracellular single -chain toxin yields two 
chains of about 95,000 and 50,000 M. The modified tetanus 
molecule is strongly held together by rioncovalcnt bonds, 
and reduction of disulfide does not result in separation of tire 
chains. Strong denaturants such as urea or SOS (SI. 166) or 
purification techniques such as isoelectrtc focusing (2, 231) 
are required to dissociate the chziirts 

TIic 1-1 chain of tetanus toxin possesses a particularly 
susceptible region that can be cleaved with proteasca such as 
¶rvpsin Or papain, yielding two fragments (B and C) (2, 89). 
The isolated II and L chains and fragments B and C ate 
poorly toxic cempared with intact tetanus toxin >2). Ahrtcri-
Hilger et al. (2) reported that the nicking sites contributing to 
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toxicity are located within a region spanning no more than 17 
amino acids, and the N and C termini are riot altered during 
the modification. The separated chains were reconstituted to 
active toxin. By reconstitution experiments, the L chain was 
demonstrated to possess the paralyzing activity in isolated 
nerve-muscle preparations. The H chain is required for toxin 
entry into the nerve tissues and for axonal transport (2). 

Large-scale production of tetanus toxin. Tetanus toxin is 
produced in deep culture by methods similar to those de-
scribed for botulinum toxin. J. Howard Mueller, Pauline 
Miller, and associates at Harvard Medical School developed 
the methods currently used for production of tetanus toxoid. 
They experienced much frustration in obtaining consistent 
quality and the high titers of toxin required for toxoid 
demand (121, 142-144). They realized the importance of 
medium formulation in obtaining good-quality tetanus toxin, 
"If it were only possible to grow the tetanus organism on a 
medium containing only chemically defined substances of 
low molecular weight, it should become a relatively straight-
forward matter to study and control the factors involved in 
toxin production, and to obtain a uniform product free from 
any possible antigenic material other than the specific sub-
stance desired." (141). An extensive study was carried out 
to identify factors controlling tetanus toxin formation (143). 
On fractionation of components of the medium, the basis of 
good production was determined to he present in a pancre-
atic digest of casein. The key to good toxin production by C. 
rerani was later determined to be limitation of histidine (144). 
Abundant free histidine drastically decreased toxin produc-
tion, while its limitation strongly increased titers (144). Since 
histidine is required for growth of C. retani, it was necessary 
to find a method to limit the nutrient without stopping 
growth. Mueller and Miller found that providing histidine-
containing peptides (e.g., glycyl-histictine) or histidine esters 
(e.g., acetyl-histidine) stimulated toxin production. Latham 
et al. (117) developed a protein -free medium which is cur-
rently u5ed for tetanus toxin production. Mueller and Miller 
also isolated a high-producing strain (the Harvard or Massa-
chusetts strain) (142) that is still widely used by many 
laboratories. 

Tetanus toxin synthesis was found to he repressed by the 
addition of excess amino acids to the medium (223). Mel-
lanby (131) reported that glutamate addition to the Mueller 
and Miller growth medium decreased toxin formation but 
shortened the time necessary for aurolysis The results 
indicate that nitrogen nutrition controls toxin regulation in 
C. fe(afli. It is interesting that excess nitrogen also represses 
botulintum toxin synthesis in C. bottr/irrtirn (119, 152). Careful 
adjustment of the levels of iron salts in the medium is also 
necessary for good tetanus toxin production (67, 142) The 
niectrartisms of nutritional regulation and its irriportatice in 
the biology of C l,-rani and C. butirlinrirri have not been 
further studied to our knowledge. 

Te’anu ncrsin, like botitlinum on, is produced in highest 
quantities by nonsporulating cultures (85, 14)). Highly lox -
genie cultures autolyzed thoroughly nrl did riot lot m en-

dctspores d4ining culture. During culture, tetanus toxin rvas 
present within the cr-Il n4 ivan not released until c:ulturs 
lycd (141. 162). As with C. boluli,ruirt, it appears that toxin 
formation is associated with aurolyttc growth and inversely 
associated with sponlaLion (145, 153). It would be of interest 
to determine whether specific transcription (actors, e.g., 
sigma factors, regulate transcription of the toxin gene and 
whether these are preferentially expressed or activated in 
aunolyti.: growth compared with sporstlatiort. 

(enetiC5 of teranus toxin. Tetirntjs toxin production ha 
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been recognized as an unstable property for many years (68. 
142). Attempts were made early to cot-relate the toxigenicity 
with the presence of bacteriophage. Phages were induced in 
C. tetani by treatment with mitomycin C, but induction did 
not affect toxin production (159, 160). Nontoxigenic mutants 
were readily isolated at high frequency (0.8 to 3.2%) from the 
Harvard strain A47 by treatment with various mutagenic 
agents including N- met hyl-N’-rtitro’N-nitrosogtianidine, UV 
light, and rifan-spin (85). 1-lara cc at. (85) found that cured, 
nontoxigenic strains still carried phages and proposed that 
plasmids could be involved in toxigenesis. Laird er at. (112) 
showed that toxigenicity was associated with the presence of 
a single large plasmid in 21 strains of diverse origin. Non-
toxigenic derivatives were isolated, and each strain lust its 
plasmid. Two naturally occurring nontoxigenic strains were 
examined, and one was free of plasmids white the other 
contained a single large plasmid (112). The strains derived 
from the Harvard strain all contain a plasmid of 49 kb, which 
had identical restriction nuclease digestion patterns (112), 
By construction of a pool of nucleotide probes correspond-
ing to the N-terminal amino acid sequence of tetanus toxin, 
Finn et at. (69) located the tetanus toxin gene to plasmid-
related sequences. Surprisingly, strains with deletions in the 
plasmid still hybridized to the probes, suggesting that toxin 
gene sequences were still present but were not expressed to 
active prnclucL 

Elsel et at, (61) used a pool of oligonucleotides (heptade-
earners) made up of all possible DNA sequences for N -ter-
minal amino acids 8 to 13 of fragment C of tetanus toxin and 
screened plasmid preparations from toxigenic and nontoxi-
genic variants of the Harvard strain. Overlapping sequences 
that spanned the entire toxin gene were obtained from eight 
clones. The DNA fragments encoding tetanus toxin specified 
an open reading frame of 1.315 amino acids of 150,700 Al_ 
The open reading frame begins with an initiation codon for 
methionine, but purified toxin, like botulinum toxin, pos-
sesses proline at its N terminus and contains serine at the N 
terminus of the 11 chain (61). The molecular weights of the II 
and L chains calculated from the amino acid sequence are 
98,300 and 52,288, respectively. Partial sequences reported 
for peptide fragments from the L chain (166) are only partly 
consistent with those obtained by nucleotide sequencing. 
The discrepancy may be caused by the extensive proteolytic 
processing that tetanus toxin undergoes following tell auto-
lyi. - 

Computer searches using the primary sequence of tetanus 
toxin -have not revealed primary structural similarities with 
any proteins other than botulinum 

toxin. Analysis of the 
primary sequence has al3o provided evidence that tetanus 
did not evolve by duplication of sequences within the I-f and 
L chains which was earlier suggested by the similarities in 
amino acid compositions of the H and L chains (217) arid by 
immunological similarities probed with monoclonal antibeci-
cs (227), 

The availability of cloned tetanus gene fragments has 
enabled the production of tetanus toxin fragments For polcn-
tial use as vaccines. Makoll’ ci al (124) expressed tetanus 
toxin fragment C in F. col/as Ito 4110 of the total cell protein 
However, the coding sequence for fragment C I  A+f rich 
and contains several codon rarely used in F. co/i. Produc-
tion was improved by replacing the coding sequence by a 
sequence optimized for cot/on usage in F. co/i (125)- More 
efficient translation of the mRNA was the moat important 
factor for the increased expression. When the modified 
coding sequence was combined with improved promoter 
strength, fragment C was expressed as 11 to 147o of the cell 
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protein. Halpern et at. 83) cloned the sequence encoding 
fragment C and showed that Ilie l’r.tgnieflt expressed in E. 
co/i retaitted ganglioside- and neuronLil cell -binding activity. 
Recombinant fragment C was purified in one step by affinity 
chromatography. Recombinant fragment C was also immu-
nogenic in mice and elicited antibodies that protected against 
tetanus toxin challenge. The av:ulal’ilitY of recombinant 
fragment C should be useful lijr a variety of research 
applications and for production of toxoid. 

Pharmacological and medical applicationS of tetanus toxin. 
Tetanus acts primarily in the central nervous system and 
causes hyperactivity of the motor system and a spastic 
paralysis. Under specific conditions, tetanus toxin also in-
hibits peripheral neuromuscular transmission, resulting in a 
flaccid paralysis (82, 130). Tetanus toxin resembles botuli-
num neurotoxin in its structure and mode of action (81). 
flotulinurn and tetanus neurotoxins have significant homol-
ogy at the amino-terminal regions of the L and H chains, 
suggesting that at least portions of the respective genes 
evolved from a common ancestral gene. 

Similarities in structure of tetanus and botulinum toxins 
have also been demonstrated in staroloical studies. Antibod-
ies to type C botulinum toxin cross-reacted with other 
botulinum toxin serotypes and also reacted with tetanus 
toxin (149, 225). Tsuzuki et al. (225) found that a monoclonal 
antibody raised against botulinum toxin type E cross-reacted 
With botulinum toxin types B. C1. and 0 and With tetanus 
toxin. Halpern cc al, (84) developed antibodies against de-
fined regions of the tetanus toxin to identify regions shared 
by tetanus and botulinum tordns. Synthetic peptides that 
corresponded to different regions of tetanus toxin were 
prepared and coupled to bovine serum albumin, which were 
used to immunize mice. Eleven of 13 peptides elicited 
antibodies that reacted with tetanus toxin in an enzyme-
linked immunosorbent assay. Of 10 anti-tetanus peptide 
antibodies that reacted well with tetanus toxin. 1 reacted 
with botulinum toxin types B. C1. and E but did not 
recognize type A- This antibody was made with a peptide 
corresponding to the amino -terminal end of the tetanus L 
chain, suggesting that this region is important in intoxication 
and that its structure is conserved in the two toxins. The 
antigenic region may be shielded in the native toxin but 
exposed on denaturation. Italpern ci al. (84) also tested 
human tetanus immune globulin md mouse anti-tetanus 
serum for cross-reactivity with butulinuin toxin, but none 
was detected. These results suggested that native forms of 
tetanus and botulinum toxins have little common surface 
antigenicity. This conclusion was also reached by Tsuzukj ct 
al- (225), who prepared 306 monoclonal antibodies against 

the 

I_chain of botulinum toxin type E and found that only 1 

reacted with the other botirlirrum toxin types and with 
tetanus toxin. 

Tetanus 
toxin 

has the unique ability to enter into the 
central nervous system through motor neurons. Because of 
the ability to travel up motor nerve -S- tctaflus toxin or 
nontoxic fragments could provide a unique neurotropic 
agent to-ansport substances to the ccnir5l nervous system 
(16-19). A 45-kDa nontoxic Iragrneni. B115 (fragment C), 
that hound to toxin -binding sites on rrcuronal cell inem 
branes and transported rctrogtudcly lrorn i/re axonal endings 
within the muscle to the niotonCumal perikarta was isolated 

(19). Bizzini et al. (18) constructed hybrid molecules con5 ist-
ing of the ncurotropic fragment C and the I fragment 
derived from tetanus toxin connected through disulfide link-

age. The l fragment was specifically carried to the central 

nervous system. Bizini (17) also reported that fragment C 
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could compete with rabies virus for attachment to binding 
sites on neurornil cells and affected the rate of spread of 
rabies virus. Cloning and expression of high levels of frag-
ment C should lead to further studies of targeted delivery to 
the central nervous system and possibly to control of virus 
infections. 

Tetanus toxin also can act peripherally. causing a flaccid 
paralysis in the manner that characterizes botulinurn toxin 
(54). H chains of both botulinum and tetanus toxins form 
channels in lipid bilayers (94). The H2 fragment of the H 
chain of tetanus toxin was found to antagonize the action of 
hotulinom toxin in phrenic nerve-hemidiaphragrn prepara-
tions (201. 202). Tetanus toxin is about 2,000 times more 
toxic at central inhibitory nerves than at peripheral synapses 
(12. 54) and is about 1.000 times less toxic than botulinum 
toxin type A at the myoncural junction (82). Dreyer and 
Schmitt (55) proposed that tetanus toxin and botulinum toxin 
type A act at different sites in nerve inhibition of transmitter 
release. flctulinurn toxins type B (74, 195), D (54), and I 
(104). but not A (74), appeared to act in a similar manner to 
tetanus toxin in affecting transmitter release from the myo-
neural junction. The combination of botulinum and tetanus 
toxins or the construction of chimeras could potentially be 
used to control neurological disorders. 

MICROBIAL NEIJROTOXINS THAT ALTER 
VOLTAGE-GATED SODIUM CHANNELS 

Other microbial neurotoxins impair muscle activity in a 
way different from hotulinurn and tetanus toxins by their 
effect on the action potential at the sodium channel of a 
nerve axon Saxitoxiri and tetrodotoxin are two classical 
examples of microbial neurotoxins that block or close the 
passage of sodium ions through the channel. Toxins pro-
duced by other dinoflagellates also produce changes in the 
action potential at the sodium channel and are briefly dc-
scribed below, 

Saxitoxin is a potent rapidly acting neurotoxin produced 
by the marine dinoflagellate Gonyoalar carenrlla (206) and 
some bacteria (102, 122) Like botulinum toxin, it was first 
observed as a food-borne toxin, causing food poisoning that 
occurred only at certain times from consumption of mussels, 
clams, and some other shellfish that are plankton feeders. 
Consumption of toxic shellfish results in symptoms de-
scribed as numbness of the lips and fingertips within a few 
minutes followed by a progressive paralysis of the arms and 
legs along with the development of labored breathing and 
asphyxia. Death may occur within 2 to 24 h, depending upon 
the dose, from respiratory paralysis After survival for 24 h 
the prognosis is good, and no lasting effects of the toxin have 
been observed. The oral dose that causes death from acci-
dental consumption of toxic shellfish by humans is 1 to 4 tog 
(5,000 to 20000 mouse units) depending upon the age and 
ph’scal condition of the patient. A mouse unit (MU) is 
defined as the minimum amount needed to cause the death of 
an 18- to 22-g wile mouse in 15 mm, which is usually the 
maximum time in which death will occur (174, 205). 

Saxmloxii-t was first purified and crystallized by Schnmz cl 
al, (172, 179), and its structure was determined by X-ray 
crystallography by Jon Clardy (175). Purified saxitoxin is 0 
very hygroscopic water-soluble toxin and is described chern. 
cally as a tetrahydropurirme base with pKs at 8-5 and 11.5. 
It has a molecular weight of 299 as the free base It has no 
UV absorption above 210 rim. As the dihydrochioride salt it 
is a white solid that is stabic in acidic solution bin loses 
acttvity above p11 7. The paralyaing action of saxitoxin Or its 
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binding at the receptor of the sodium channel depends upon 
the presence of a hydrated ketone group in a particular 
position in the molecule. Reduction of this group to the 
alcohol results in the loss of over 99% of the binding and 
paralyzing activity. 
The neurotoxic action of saxitoxin is due to its specific 

binding, even at extremely low concentrations (10’ M), at 
the sodium channel of excitable membranes and preventing 
the passage of sodium ions through the sodium channel, thus 
blocking an impulse. The action or binding is concentration 
dependent, and binding is reversible. Controlled application 
of the toxin has been suggested as a possible local anes-
thetic. The effective dose in animals is relatively close to the 
lethal dose, as indicated by the steepness of the response 
curve, and pharmaceutical companies have not pursued its 
use in humans. However, when saxitoxin is mixed in small 
amounts with many classes of anesthetics, the effectiveness 
of the anesthetic action is greatly extended (1). The addition 
of 1 jig of saxitoxin to a 196 solution of a typical anesthetic 
(1 part in 10,000) such as procaine increased the time of 
effective action two- to threefold (1). The result is not an 
additive one (1). The addition of saxitoxin to procaine as well 
as to other anesthetic compounds will also reduce the dose 
required to obtain a desired effect. The reason for this 
unusual action of saxitoxin with anesthetic compounds has 
not been fully explained, but the molecule must play an 
important part in nervous function in the presence of other 
substances that act on the nervous system. Saxitoxin and 
tetrodotoxin have been important in the establishment and 
characterization of the sodium channel in myelinated and 
unmyelinated nerve membranes (90, 93, 102, 163, 164) and 
for the study of related diseases such as multiple sclerosis. 

Another species of dinoflagellates, Gcnyeulax ramarensir 
var excavata, produces saxitoxin substituted with sulfate 
and sulfonic acid groups (63, 102) These substituted toxins 
have a lower specific toxicity or binding at the sodium 
channel than saxitoxin does, but they should not be over-
looked for possible medical use. 

Tetrodotoxin was originally found in the roe, ovaries, and 
liver of the puffer orglohe fish (Tetfaodoniidae) caught in the 
western Pacific ocean and was at first believed to be exclu-
sively produced by this fish. More recently it has also been 
found in various other animals including the California newt, 
octopus, and frog (234) and in marine bacteria (51. 199. 220, 
235) Dinofiagellates have been proposed as the original 
source of the toxin in puffer fish, which acquire it through the 

food chain (234) 

The action of tetrodotoxin is like that of saxitoxin in 
blocking the sodium channel of excitable merimbranes of 
nerve and muscle tissue. In fact, it has been shown that both 
tetrodotoxin and saxitoxin block the inward current of 
sodium jot-is at equally low concentrations 01 iO to l0 hi 
and occupy the sathe receptor sites at the sodium channel 
(63, 103). The basic structure of tetrodotoxin is markedly 
different from that of saxitoxin and is chemically described 
as ammtinupemlmydroquanieoline, with a molecular weight of 
319 Although the two toxins arc basically dific-terit in 
stricture, they may be similarly classified as heterocyclic 
guattidincs because of the guanidiurn group common to each 
toxin. Kao and Nishiyarna (103) first proposed that the 
guanidiniurrt moieties of each toxin might enter at the sodium 
channel like guapidine and that the bulk of thc remaining part 
of the molecule prevented the passage of the sodium ion. 

Although this hypothesis may he consistent with many 
aspects of the action of the toxins, it appears that the 
chemical makeup of the molecule as well as th guanidine 
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group is involved. The reduction of the hydrated ketone 
group to an alcohol in the saxitoxin molecule completely 
destroys its effectiveness as a blocker of the sodium channel, 
and changes in the structure of tetrodotoxin also affect its 
bonding (102). The purpose here is to point Out in a general 
way the nature of the two toxins and how they might affect 
the action of other toxins used for treatment of hyperactive 
muscles. The fact that saxitoxin enhances the action of local 
anesthetics has raised some thoughts on the relation of one 
toxin to another 

on 

an excitable membrane. Reviews by 
Catterall (36), Kao et al. (102, 103), and eurison et iii. (22) 
give detailed descriptions of the action of the microbial 
neurotoxins saxitoxin and terrodotoxin (binding site 1 

at 

the 
sodium channel) and compare them with neurotoxins from 
other nonmicrobial sources that affect the sodium channel, 
such as veratridine, aconitine, batrachotoxin, grayanotoxin, 
and the low-molecular-weight basic polypeptide toxins iso-
lated from scorpion venoms, fish-hunting cone snails, and 
sea anemone nematocysts (binding site 2 at the sodium 
channel). These reviews point out the various mechanisms 
by which toxins might affect the nervous system via action at 
the sodium channel. From the proposed action it seems 
reasonable to assume that there may be value in the use of 
combined toxins for control of nervous activity 

It is quite interesting that the action potential at the 
sodium channel is also affected by certain substances, such 
as guanidine and 3,4.diaminopurine, that reverse or bypass 
the blocking action of botulinum toxin. Although these 
substances are not particularly good antidotes 

for 

the toxin, 
their action indicates a relationship between the action 
potential at the sodium channel and the liberation of a 
neilrotransmitter at the nerve ending. One might assume, 
therefore, that substances such as saxitoxin, tetrodotoxin, or 
others that alter the action potential at the sodium channel 
should warrant further investigation for possible medical 
application. Guanidine, an effective substitute for sodium in 
action potential generation in excitable membranes (93). is 
also reported to relieve symptoms of botulism (39), suggest-
ing that there may be interactions of toxins at the myoricural 
junction, a field that warrants further study. 

Besides the microbial neurotoXins described thus far, 
there are other, less well understood microbial rteurotoxins 
that may he found valuable for nerve and muscle control 
mainly because of their action at the sodium channcl. 
Gymnodiniuni breve, a marine dinol3agellate responsible for 
the Florida red tides and the tremendous fish kills in that 
area, produces several toxins, two of which are neurototcins 
designated brevitoxin A and B, that have some action at the 
sodium channel (22). These two toxins art lipid -soluble 
polyethers with a molecular weight around 900. Brevetoxin 
A has an indirect action on the sodium channel in that it 
enhances channel activity in the presence of toxins that hind 
to. receptor site 2 at the sodium channel, but not to receptor 
site 1. 

Gamnhi err! isctas IQXJCLLS, a tropical reef-dwelling dinoflagel-
late, produces several toxins, including one designated cigu. 
aloxin, which opens voltage -dependent sodium channels in 
cell membranes (186). This toxin is a lipid -soluble polycmher 
with a molecular weight of 1112 and 

is 

concentrated as it is 
passed up the food .chmtirt to large predatory futff fish con-
sumed by humans. The disease in humans affects both 
gastrointestinal and neurological systems. The neurological 
symptoms usually begin within 24 h and may last a month or 
more, indicating nerve blockage or damage requiring regen-
eration of nervous tissue. Afflicted persons experience cir-
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cumoral paresthesias, paresthesias or paralysis of the ex-
tremities, and muscle pain. 

Natural blooms of the freshwater blue-green alga (cyano-
bacterium) Aphanizomertom /los.aqrtae which occur period-
ically in lakes of the northern United States and certain 
provinces of Canada have caused poisoning of farm animals 
from drinking the water. This organism produces several 
toxins including saxitoxin and neosa2dtoxin. Another species 
of this group, Anaberta flos-aquae, produces a substance 
that affects acetylcholine receptors in muscle membranes 
(35, 97). Some mycotoxins affect the nervous system 

in 

various ways. Slafrainimtc, upon biological conversion to a 
quaternary amine, causes excessive salivation in farm ani-
mals and acts similarly to acetylcholine (30, 41). These 
organisms and other microorganisms produce other neural 
toxins, but little is known of their action and importance in 
pharmacology and physiology. 

CONCLUSIONS 

Boculinum toxin type A has been found useful for the 
treatment of many hyperactive muscle disorders by intra-
muscular injection, and the FDA has licensed the toxin for 
treatment of strabismus, blepharospasm, and hemifacial 
spasm. It is the first microbial toxin to be used for human 
treatment. Because it is injected into humans, purity is of 
prime importance and, therefore, during the production by 
culturing and purification, it must not be exposed to any 
substances that might be carried in trace amounts to the 
crystalline toxin and cause undue reactions in the patient. 
Injection of the toxin into muscle tissue has opened a new 
field of investigation into the action of the toxin on muscle 
and nerve tissue and has been beneficial to many humans 
who stiffer from dystonias. 

Types of botulinurn toxin other than rype A toxin and 
perhaps tetanus toxin may be useful for human treatment if 
patients develop immunity to type A toxin. Saxitoxin Stim-
ulates and prolongs the action of local anesthetics, suggest-
ing the use of combined toxins for human treatment. Some 
microbiological toxins are described for possible use alone 
or combined with botulinum toxin for medical treatment. 
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Protein franduction domains (PTDs) are short basic 
peptide sequences present in many cellular and viral 

proteins that mediate translocation across cellular 

membranes. PTDs have become widely used as tools for 

the delivery of high M polypetides, polynucleotides, or 

nanoparticles to cells in culture; and even the transfer 

of cargo molecules to the tissue of live animals has been 

reported. These cell-permeable peptides are functional 

when fused in-frame to recombinant polypeptides or 

when chemically coupled to their cargo. The mechanism 

responsible for PTD-mediated membrane trunslocation 

is controversially discussed and may vary among the 

various PTDs reported in the literature. Thus direct 

physical interaction with membrane lipids resulting in 

vectorial delivery to cells has been proposed for the 
Antennapedia (Antp) PT!), whereas uptake by the retro-
viral TAT (transactivator of transcription) protein PT!) 

scents to require cell surface-expressed glycosaminogly-
cans. The view that PTD-mediated cellular uptake is 

energy-independent has been dismissed recently as an 

artifact resulting from fixation of cells. The data re-
ported here agree with and further extend this work. 

They support the idea that certain PTDs promote cellu-

lar uptake via endocytosis and require the expression of 
negatively charged glycosaminoglycans on the surface 
of the target cells, Uptake of Antp PTD conjugates or 
peptide-derivatized liposones was blocked by beparan 

sulfate proteoglycans, whereas TAT-mediated uptake 

was inhibited by both heparin and dextran sulfate. Mu-
tant cells defective for glycosaminoglycan synthesis 
showed dramatically reduced Antp- or TAT-mediated 
transmznbrana transport confirming the role of these 
complex polysaceharides in PTD-mediated cellular up-
take. The fact that PTOs selectively interact with dis-
tinct glycosuminoglycan species has implications for 
therapeutic applications and may allow targeting of se-
lective tissues that differ in their surface-expressed gly-
cosaminoglycan patterns. 
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Uptake of charged molecules or high molecular weight corn -
pounds into live cells is hampered by the lipophilic nature of 
the plasma membrane, Thus high amounts of drugs are often 
required to maintain pharmacologically active concentrations 

in the target tissue of an organism The human immunodefi-
ciency Virus (19V)’-encoded trarisactivator of transcription 
(TAT) protein rapidly crosses the plasma membrane of live 

cells (1, 2). More recently, additional cellular and viral proteins 
with similar features have been described, such as VP22, a 
herpcsvirus protein involved in regulating transcription, and 
Antennapedia (Antp) a transcription factor discovered first in 
insect cells. in all of’these proteins, the activity of translocating 
across cellular membranes is confined to a short stretch of lees 
than 20 amino acids highly enriched in basic residues. These 
sequences are now called "protein transduction domains" or 
PTD sequences and act independently from other protein mo-
tifs. mrife. They have been used both in intro and in vice to target 
proteins, nucleic acid polymers, or nanoparticles (such as lipo-
sosnes) to cells (reviewed in Ref. 3-7) -

’flip mechanism responsible for PTD-dependent membrane 
trliIis]ocatiofl is controversially discussed and may vary among 
the various ?TDs. In recent papers, it has been proposed that 
Antp peptide-mediated membrane tranalocation is an energy-
independent process and may be a direct consequence of PTD 
association with membrane lipids (8, 9) This mechanism would 
require the formation of transient micelles that are subse-
quently transferred to the cytoplasmic side of the membrane 
where cargo molecules are then released. This concept has been 

questioned in the meantime, and it has been demonstrated that 
lfT) translocution at low temperature is an artifact resulting 
from the fixation of cells (10, 11). Other data suggest that, at 
least for the ’TAT peptide, membrane transloe:ation is mediated 
by cell surface-expressed heparuri sulfate glycosaminoglvcans 
(flPSG) (12-16). A detailed study of the role of HPSGs in 
’TAT-mediated intracellular transport showed that TAT basic 
peptide also interferes with the release of newly synthesized 
IIPSOs from cells (17) 

Following this line of work, we investigated the uptake 
mechanism of Antp and TAT PTD protein complexes The 
transport to cells by both PTDs occurred only at 37 "C and 

’The abbreviations used are: HIV, human immunodeficiency virus; 
Antp, Antennapedia; FITC, fluorescein isothioc3anate; I-IPSO, heparaa 
satiate glycosaminoglycans; PBS, plsoenphate-bullered saline; PTD, pro-
tein transduction domain; TA’I’, trsasacuvator of transcription; TRITC, 
tetnornethylrbodsoine isolhiocyisnite; Clii) C3iicp hmgtgr ovary; 
nulfo.SMCC, 4--(N-lnalsimidomnthvllcycIohexane-j-carboayljc acid 
3.sulfo-N-hydroxysuccinirnide ester sodium ociL 

This paper is available no Ike at hIipJ/nsww.jbc,or 35109 
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depended on the expression of negatively charged glyciosaniin-
oglycatis on the surface of the target cells. PTD complexes 
associated first with the cell surface and were then rapidly 
translocated to cytoplasmic vesicles resembling early endo-
somem After prolonged exposure of culls at 37 °C, the material 
accumulated in intracellular vesicular structures. Liposomes 
tagged with PTD peptides were similarly internalized within 
the cells thereby improving their potential use for intracellular 
drug delivery. 

EXPERIMENTAL PROCEDURES 

Matcrials�The antibodies for stabting lysosonies were 01/189 
against human Lampl (18) and 01/221 against human transferrin 
receptor (19), Fluorescent avidin end streptavidin and secondary anti. 
bodieswere from SoUthedti Biotech (Birmingham, AL)_ Glycosaminogly-
cans and dextran sulfate were from Sigma, except for heparin, which 
was a kind gift from Dr. H. P. Wessel (Hoffman-La Roche) Soybean 
phosphatidyicholine (SF’C) was obtained from L Meyer (Hamburg, 
Germany). Cholesterol (Chol) was purchased fl-nm Flake (l3ech. Swit-
zerland), 2_dipalmi toy l-sn-glyccrol-3_phesphatidYlethatlolamine 
(DPPE) from Sygena (Lieslal, Switzerland), and 8,3’-dioctadeeylox-s-
carbocyanine perchiorate (DiO) from Molecular Probes (Leiden, The 
Netherlands). Sulfo-SMCC was purchased front Pierce (Lausanne, 
Switzerland). 

The mouse melanoma cell line BI6F1 was maintained in Dmdbecn,’s 
modified Eagle’s medium plus 10% fetal bovine cmom-mmm 1% r.-glutamine, 
100 units/rill penicillin, 100 jsg/ml streptomyciti and Nystatiti. Wild type 
CR0 HI, CR0 jigs A-677. and CR0 pgn A-745 cells were front ATCC 
(Manassas, VA) and were maintained in Ham’s F’.12 machum (20, 21). 

Pap tide ,Synthesis�The peptide-4 were synthesized on a Milligen 
0050 automated peptide synthesizer (coatitmmis flow), employing the 
fitiormonylmethexycarbonyt strategy sind protocols from our laboratory 
reported previously (22, 23). After completion of the syntheses, the 
peptide resins were simultaneously cleaved and daprotectecl with tn-
fluaroacetie acid/water/ethanedithiot (76:4:20, v/ely) for if h at room 
temperature, and, the crude compounds were purified by reverse-phase 
medium chromatography ()It a C18 column (0.1% tt’ifluoroacotie acid-
wnten/acetomiitrilo gradient). The parity of the peptides was verified by 
reverse-phase analytical high pressure liquid chromatography, and the 
identities of the final products were asseed by amino acid and mites 
spectral analyses (matrix -assisted laser-desorpl.ion ionization Cute-of. 
flight masse spectrometry ((vIALDI-TOM) analyser The analytical lin-
ear gradient was applied over 2.5 rein consisting of acelari.itrile, 0.09% 
tniuluoroacetic acid and water, 0.1% trifhtoroacetic acid froat 1: 19 to 3:2 
on a Chremolith SpeedROD RP-18c column (10 X 45 mm), at a flow 
rate of 4.0 in 1/mm; detection at 215 Will single peak at retention time = 
1.45 mum (TAT peptide) and retention time = 2 mm (Antp peptide) 
Quantitative amino acid analyses of the peptides revealed the expected 
a,mtino acid compositions- MALDI-TOF (negative-ion mode) found 
203.1-1 (calcmilated.2081.5) for the TAT peptide and 2718.2 (calculated 
27111.4) for the Antp peptide. 

Internalization of TATe ad Antemuiapcdia Peptide Complexes in HeLa 
Cells--}leLa cells were cultured on coverslips in Dulbeccek modified 
Eagle’s medium supplemented with 10% fetal bovine serum. Internal-
icotian of peptide campiaxed with either fluorescein iaothicccyanatc 
(F ITC)-labeled avidimi or streptavidin was performed as follows. A 1-cM 
solution of biotimmylated peptide was preimtcubated with 1 pzz fimiorca-
cattily labeled avidin or streptavidin at room temperature fOr 30 

mm 

with or without inhibitory glycosatninoglycans (50 p9/ml) in Opti-
MuM .1. Peptide complexes were added to washed HoLe cells on cover-
slips in Opti-MEM I at 4 tO for 80 min. The cells were fined in 3.7% 
formaldehyde or incubated in fresh Opti-MEM I prewarmed to 37 tC for 
the indicated times to follow protein transduction in the eell. The cells 
were permeabihzad with 0.25% Saponmn for 1) mitt for costainimig of 
internalized FFFC avidinpeptido with antibodies reeogtdzing Inane-
fern/n (a marker for early encfnsomncs 09)) or Lampi (a lysosonial 
protein (18)). 1% TRITC-labelc’d doxtran was added as a marker for 
fluid-ph.atto endocytosis in the corroapoiiding assay-q- The coils were 
embedded in gelvatol and analyzed on a Zeiso Axiophot fluorescence 
microscope with epi-llluminescenemt using a 40x NA 1.4 water immer-
sion lens. Photomicrographs were taken with a Kappa CF 8/1 CCD 
camera; exposure time was 5 ins for all pictures in the series. Confocal 
series were acquired with an LSM 410 eanfocal microscope (Zeiss, 
Oberkachen, Germany). The Imaris software (litplane AG, ZOrich, 
Switzerland) was used for image analysis, 

Liposome Erccpucodomm and Modification.�The liposo=8 were c:oto-

posed of SPC:Chol:DPPE:DiO at a molar ratio of 1:0.2:0.035:0.0()4 
Small unilamellar lipusomea were prepared by sequential filter extru-
sion ut multilarneilna liposomal preparations in Soerensen phosphate 
hairer (SF8, 13mM 1G12PO4, 54 must NbHPO4, pH 74) through Nude-
pore membranes (Sterico, Dietikon, Switzerland) of 0.2 Jun and 0.1 pm 
pore diameter with a Lipex extruder (Lipex Biomembrenes Inc., Van-
couver, British Columbia, Canada). Size and stability of the liposomes 
were analyzed with a particle sizer (Nicomp Model 310, Santa Barbers, 
CA). For peptide modification, liposomes in SF13 were incubated with 
crystalline sulfo-SMCC at a molar ratio for amino groups to nialeimide 
groups of 1:5 for (10 nun at 30 C. Excess sulfo-SMOC was removed by 
dialysis overnight at 4 

-o 

against SPB. S mg of PTD peptide or ryateino 
as a control were incubated with I ml of culfo-SMCC-modified lipo-
somes for 20 It at room temperature in 2 raM tributylphoephine tinder 
ami argon atmosphere_ Nonreacied peptide was removed by dialysis 
against SF8. 

Flow Cytooietry�Cells (2 7< lO cells in 12-well p1-stee) were grown 
for 24 h at 37 CC. The medium was removed, and the cells were incu-
bated icc serum-free Opti-MIOM I for 30 min at 37 C Before addition to 
the cells, PTD-streptavidin complexes or PTD.derivatlzed lipuemnes 
were preincubsted with or without 20 jig/ml pcilysciecharide at room 
temperature for 15 min. The cells were incubated with the complex in 
serum-free Opti-MEM I at 37 00. Complexes were removed, and the 
cells were C11 ItIlred in growth medium its described above for 110 min at 
87 CC The cells were washed with PBS (0.137 M NaCl, 2.68 mM 1(13, 
8.00mM Nic5RPO4, 1.76 mm I015P0, pH 7.4), detached from the plates 
with 10 mu EDTA in PBS, washed in PBS, and either used directly or 
after fixation in 3.7% formaldehyde in PBS fOr flow cytometric analysis. 
Internalization of PTI) complexes or lipaaocnea was determuilned in it 

FAC&an flow cytometer (lID Biosciences). 10,1100 calls were analyzed 
per data point, and all experiments were carried out in triplicate. 

RESULTS 

PTD peptide sequences derived from TAT and Antp were 
SGY0RTQBQRRRC and SGRQUOWFQNRRJI4KWXKC, re-
spectively. They were both chemically synthesized, biotiny-. 
Icited at the N terminus, and carried 

a C-terminal cysteine 
residue for chemical coupling to cargo molecule-c. The Ser-Cly 
dipeptide at the N terminus was used as a spacer between the 

peptide and biotin, These peptides were efficiently delivered to 
cells and could be detected with FITC--iabeled avidin or strepta-
vidin in fixed and pam-rneabilized cells as described earlier (8) 

(data not ahown). 
PTD-mediated cellular uptake was next investigated with 

1ITC-labeled avidin or streptavidin conjugated with biotiny-
iated PTD peptide. Intracellular transport of this complex was 
studied in a variety of cell lines such its HeLa, Bid melanoma, 
and CR0 cells. Complexes were rapidly taken U)) by all cell 
types tested. Figs. 1 and 2 show representative data for HeLa 
coils. FITC.-labeled avidin 

or 

streptavidin was first preincu-
bated for 15 min with either biotinylutad Antp or TAT peptide 
followed by incubation with cells at 0 00. The labeled material 
accumulated in small patches on the surface of the cells (Figs. 

IA and 2A). FPI’C.-labeled avidin or streptavidin did not asso-
ciate with cells in the absence of I’M peptide or when bound to 
a peptide lacking a 1°’FD domain (Figs. 10, 20, and data not 

shown). This indicates that membrane binding was a specific 
event mediated by PTD peptide. 

Cells incubated with FITC-avidinpeptide complexes were 

then washed and further incubated at 37 t( in growth medium 
to induce internalization. As seen in Figs. LB and 211, fluores-
cently labeled material was internalized within minutes and 
accumulated in vesicular structures resembling early carlo.-- 
.somes. These vesicles partially colocalized with TRTTC-lahelecl 
dext.ran added during the chase purled at 37 C as a marker for 
fluid-phase endocytoaia (data given in supplemental Fig. A) A 
marker protein for early endosomea, the transfernin receptor, 
showed similar localization as avidin-PTD complexes (data 
given in supplemental Fig. B). After incubation for 1-3 Ii at 
37 °C the material was confined to inf.racellularvcsicles (Figs, 

10 and 20). Antp complexes showed partial colocalization with 
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. Fia. 1. Cell binding and internalization of FITO-lahled avidinAntp peptide complexes. Cells were treated with FITC-avidinAntp 
complex described under ’Experimental Procedures?’ A, HeLa cells were incubated for 80 coin at 0 ’C with PTL) complex, washed, and further 
incubated at 37 ’C for 00 coin (Th and 180 coin (C). 0, shows a photnmicrograph of cells incubated with FITC-evidiii in the absence of peptidn 
Photwnicsugraphs were taken on a Zeiss Axiophot microscope. b-C, show 71X- and 71Y-sections constructed from it canteenl series through 
representative cells 12 sections of 600-900 am were taken for each series, and Z-sections were constructed with Imaris software. Z-sections were 
token at it line running through the midpoint of the XY plane I), analysis of a cell treated as in A F, showa cells chased for 10 nile at 37 ’C after 
PTO binding. F and C, show a similar analysis performed with cells treated for 60 and 180 coin at 37 ’0, respectively- Bar represents 50 fm. 

F]o. 2: Cell bindingand internalization ofFTI’C-labeled avidinTAT peptide complexes. Treatment and analysis of cells are as described 
in Fig. 1. 

lysosomes (data given in supplemental Fig. B), whereas TAT 
accumulated in vesicular structures located at the cell periph-
ery (data given in supplemental Fig. C). 

To prove that PTD complexes were internalized during the 
chase period at 37 ’C, cells were analyzed by conibeal micros-
copy. Z-sections through cells (Figs. 1 and 2, ZV and Z’Y) 
showed that the material was predominantly associated with 
the extracellular face of the plasma membrane before the chase 
(Figs. ID and 2D). Upon extended incubation at 37 ’0, both 
Antp (Fig. 1, F and 0) and TAT (Fig. 2, F and 0) complexes 
were transferred to intracellular vesicular structures, whereas 
after a 10-min chase, most of the material remained on the 
extracellular surface, Taken together, our data show that both 
PTDs initially bind to the cell surface in a temperature-
independent way where they cluster in small patches on the 
extracellular side of the plasma membrane. Upon shifting the 
cells to 37 ’C, the material was internalized in intracellular 

vesicular structures by a mechanism resembling fluid-phase 
endocytosis. 

We next investigated the mechanism responsible for I’ll)-
mwliated cellular uptake. Chinese hamster ovary (CHO) cells 
were incubated with FIFC-]abeled streptavidinl-’TD complex 
for 90 min at 37 ’C, washed, removed from tissue culture plates 
with EDTA solution, washed again in PBS, and submitted to 
flow cytometric analysis. Fig. 34 shows that heparin inhibited 
association with and internalization of TAT complexes by 60-
70%, whereas uptake of streptavidiurAntp complex was re-
duced by 40-50%. Dextran sulfate inhibited uptake of TAT but 
not of Antp complexes. Other glycoaaminegl,ycarca such as chon-
droitin sulfate i B, and C and hyaluronic acid had no effect on 
PTD-mediated cellular uptake (data not shown). No cellular 
uptake was observed in controls performed with FITC-labeled 
struiptavidin in the absence of PTD peptide (Fig. 34). It has 
recently been shown that fixation of cells promotes artifactual 
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ii A. Antp and TATatreptavulir complex uptake into OHO cells is inhibited by polysaccharides. CIII) cello were incubated for 90 ml. at 

87 "C with FITO-labeled Antp or TAT streptavidin complex in the absence or presence of heparin (Hep) or dext.ran sulfate (Dex). Asa control, cells 
were treated with VITC.-Iabcled atrept.avidin alone. Cells were washed, removed fern tissue culture plates, fixed, and submitted to flow cyternetile 
analysis. 10,000 cells were analyzed for each data point in triplicate- Etrp, ztreptavidin. Error bars show mean – S.D for each triplicate Antp-
and TAT-derivtized liposome uptake into Bifi calls is inhibited by polysoceharides. B10 melanoma cells were inctihated for 90 min at 37 "C with 
F’ITC-labeled Aa.tp. or TAT-derivnttced liposomes with or without heparin, dextran sulfate, or cheridroitin sulfate A. CoOs were collected and 
analyzed as inA C, uptake ntPTD complexes into CEO cells- The experiment was performed as in B, and the cells were either directly prceed 
for cytofl.toromstric analysis or fixed as describe) under "Experimental Procedures.’ 

association of PTD peptidna with cells (10). To rule this out for 
our experiments, we analyzed cells incubated with PTD com-
plex before and after fixation by flow cyton.setry. As shown in 
Fig. 3C, the amount of 1’I’D complex bound to coils and inhi-
bition by heparin was not changed. 

Similar experiments were then performed with PTDderiva-
tized phosphatidyicholine liposomes The PTD peptides were 
coupled via a cystelne ridue to maleimide derivatized lipids 
(24). As shown in Fig. 3B, uptake of TAT peptide-modified 
liposomes was increased 10-fold, whereas Antp-derivatized li-
posomes were internalized 50 times more efficiently than con-
trol liposomes modified with cysteiruc instead of a PTD peptide. 
The difference in uptake efficiency presumably results from the 
fact that TAT-derivatized liposomes tend to form large aggre-

gates that are less well internalized. Uptake of liposomes into 
CHO cells was blocked by heparin and dextran sulfate but not 
by other glycosaminoglycans such as chondruitin A (Fig. 3B) or 
chondruitius B and C and hyaluronic acid (data not shown). 
Taken together, these data suggest that cell surface-expressed 

glycusaminoglycans, in particular fflSCs, are required for TAT 
and Antp PTD-mediated cellular uptake of proteins and lipo-
somes. Dextran sulfate polymers and heparan sulfates inhib-
ited uptake by PAT, whereas Antp-dependent protein uptake 
was blocked only by heparan sulfates. This suggests differen-
tial binding of these peptides to negatively charged extracellu-
lar glycosaminoglycans and also indicates that TAT and Antp 
PTDs rely on different oligosaccharidns for initial membrane 
binding. PTD-derivatized liposome uptake was indiscrimi-
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FIG, 4. Antp and TATavidin complex uptake into CIfO wild 
type and mutant cells. CHO RI wild type (pgs A-745 and pgs A-677) 
mutant cells were incubated for 90 min at 07 C with FITO-labeled 
Antp- or TATstreptavidin complex followed by analysis as described for 
Pig. 3A Ac’, ilTC-sridin, 

nately blocked by inhibitory polysaccharides such as dextran 
sulfate and heparin. 

To corroborate these findings, we investigated PTD uptake 
into mutant CHO cells deficient in glycosaininuglycan synthe-
sis, Neither Antp nor TAT peptide complexes were efficiently 
internalized in the mutant cell line (pgs A-745) lacking UDP-
it-xylosc:serine 1-3-i,3-u-xylosyltraneferase (21) (Fig. 4). These 
cells are deficient in the synthesis of all proteoglycans. A sec-
ond mutant (pgs A-677) expressing reduced amounts of HPSQ 
because of an -10 -fold reduction in N-acetylglucosaminyl-
bransferase and glucurunosyltransferaso (20) showed a reduc-
tion in the uptake of Antp but not of TAT-streptaviclin com-
plexes. This suggests that the low amount of HPSG expressed 
by these cells still allowed PTD-mediated cellular uptake. 

DISCUSSION 

The data presented here show that the major route for TAT 
and Antp peptide-mcdiatecl cellular uptake of protein mole-
cules and nanoparticles is endocytosis. Uptake by these PTDs 
was temperature-dependent, indicative of a step requiring en-
ergy. The material that initially accumulated on the cell sur-
facein small patches (a process thatwas temperature-independ-
ent) was then followed by internalization in intracellular 
vesicular structures. The nature of these patches is unclear; 
they may represent plasma membrane microdomains such as 
lipid rafts that are enriched in particular membrane proteins 
carrying, for instance, l’IPSG polysaccharide chains. The route 
and kinetics of uptake are similar to those followed by markers 
for fluid -phase eudocytosis such as fluorescent dextran 
conjugates. 

Iiptuucc of avidin or streptavidin’PTD complexes prepared 
with either Antp or TAT peptide was blocked by negatively 
charged high Mr glyeosaminoglycans. TAT-mediated binding 
was blocked by heparan and dextran sulfate, whereas Antp-de-
pendent uptake was blocked only by heparan sulfate. This 
suggests that the basic character of PTD promotes their in-
teraction with negatively charged complex sulfated glycosami-
noglycans exposed on the surface of cells. Uptake of both Antp 
and TAT PTD-derivatized liposornes was similarly blocked by 
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heparin and dextran sulfate. The fact that cells deficient in 
glycosaminoglycan synthesis showed reduced PTD uptake fur-
ther supports this notion. Specificity of the various PTDs for 
different types of glycosaminoglycaris may arise from the pos-
itive charge distribution in various PTDs; in other words, high 
affinity interaction with negatively charged sulfated polysac-
charides expressed on the cell surface may require proper 
alignment with the positive charges on a particular PTD. The 
possibility that PTDs discriminate between different surface-
expressed glycosaminuglycans has been discussed earlier fur 
TAT (12.44, 16), and the role that haparan sulfate oligo.saccha-
i-ides play in receptor binding and internalization has also been 
investigated in other molecules, e.g. de.corin (25). Finally 
Sandgren et al. (17) recently published work in which they 
investigated the role of HPSGs in TAT-mediated cellular up-
take in detail. Differential interaction of PTDs with glycosami-
noglycans might open new possibilities for the delivery of in-
agents to specific tissues using more selective PTD sequences. 
Further optimization of PTD peptides might thus improve their 
translocation efficiency and may even allow the development of 
tissue-specific PTDs (26). 

The exact localization of cell-associated PT]] complexes has 
not always been critically evaluated in earlier work. We there-
fore analyzed confocul micrographs such as those shown in 
Figs. 1 and 2 with an image-processing software. Z-sections of 
cant ocal data sets show that fluorescent material initially ac-
cumulated in patches on the cell surface, in particular at sites 
of cell-cell contact. As early as 10 min after shifting cells to a 
high temperature, fluorescent material appeared in intracellu-
lar vesicular structures resembling endosomes. Partial cubical-
izatiOn of N’]] complexes with a marker for fluid-phase endo-
cytosis further suggests that uptake is through endocytosia, as 
proposed earlier (1, 2). 1-2 h after incubation at 37 tC 
PTD-cargo complexes accumulated in intracellular vesicular 
structures, In the case of TAT, these vesicles were localized 
close to the cell periphery, whereas Antp PTD complexes 
showed perinuclear staining partially overlapping with a lyso-
somal marker. The route of cell entry and the turnover of 
TAT’cargo complexes inside cells have also been investigated in 
detail recently (17). These authors showed that cellular uptake 
of TAT-PTD complexes was via ctndocytosis and that the com-
plexes were subsequently targeted to the nucleus. Together 
with our data, this suggests that TAT and Antp PTDs target 
their cargo to different cellular organdies. 

Cellular uptake by Antp PTD sequences has not been inves-
tigated in detail so fur. It has been proposed that Antp peptide 
directly interacts with membrane lipids (6, 9), a finding that we 
and others have not been able to confirm (27).2 We cannot 
exclude the possibility, however, that the exact route of cell 
entry and the transfer to intracellular vesicles may differ for 
various PTDs. It will be of crucial importance for the further 
development of PTD technology to dissect these pathways for 
all PTD sequences, as each ND might he destined for a specific 
cellular compartment. 

Liposomea are useful for the delivery of fragile reagents that 
are rapidly degraded in the bloodstream. The drawback is that 
the release of the liposomel content into target cells is limited 
by the slow uptake of these vehicles into cells, and little is 
known about the mechanism of liposome-mediated drug deliv-
ery. It is generally assumed that liposomes release their con-
tent upon fusion with intracellular membranes. We show here 
that uptake of PTD-tagged liposomes is dramatically acceler-
ated when compared with control liposomee. This is in agree-

S. Console, C. Marty, C. Garcia-h’cheverria, R. Schwendaner, and K. 
Baliruer-Hafer, unpublished work. 
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ment with earlier work where similarly modified liposomes 
have been shown to be efficiently Internalized in cells even at 
low temperature (28). A detailed analysis of the intracellular 
localization of lipo8omes was, however, not performed in this 
study. Based on the data shown here and on recently published 
work (10), it is possible that liposomes associated with cells at 
low teniperature (as shown in that study) were actually hound 
to the cell surface rather than being trans).ocated to cells. 

In summary, our study extends recently published work (10, 
11, 17) and shows that PTD peptides derived from either lUST 
TAT or Antenriapedia promote cellular uptake of cargo through 
ceidocytosis. PTD complexes initially accumulate on the surface 
of target cells and are subsequently tranalocated across the 
plasma membrane upon incubation of cells at 37 C but not at 

o 

a. The earlier proposal that PTD peptides penetrate mem-
branes upon direct interaction with the lipid bilayer, although 
not formally excluded, seems not to apply for uptake of the high 
Al, cargo molecules used here (Ref 29, and reviewed in RaIl 6). 
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