CHAPTER 2

Tetanus Toxin
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Introduction

Tetanus toxin was the second bacterial toxin to be discovered, the first
having been diphtheria toxin. Nicolaier had noted that the organism (as
yet not identified) causing tetanus was not distributed throughout the
body but confined to the wound of entry. Simpson had already observed
in 1854 that the symptoms of tetanus were similar to those of strychnine
poisoning, and in 1885 Nicolaier suggested that the organism brought
about its pathological effects by producing a strychnine-like poison. In
1889 Kitasato isolated the tetanus bacillus, and in 1890 Faber justified
Nicolaier's suggestion by showing that it was possible to reproduce the
spastic symptoms of tetanus in experimental animals by injecting them
with sterile filtrates of cultures of the bacillus. The toxin in the culture fil
trates producing this effect, sometimes known as tetanospasmin, is the
subject of this chapter. Since tetanus toxin is wholly implicated in the dis
ease of tetanus, and since the disease is so easily preventable by immuni
zation against the toxin (see below), the toxin has been in commercial
production in many countries for many years. Consequently, the produc
tion and properties of the toxin have been the subjects of much study. [Be
sides tetanospasmin, the tetanus bacillus also produces an oxygenlabile hemolysin, tetanolysin, that contributes little or nothing to the tox
icity of Clostridium tetani filtrates and has not been much studied. It may
be responsible for occasional attributions of hemolytic activity to tetano69
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spasmin (see Hardegree, 1965). Feigen et al. (1963) reported the presence
in crude preparations of tetanus toxin of a nonspasmogenic substance that
could be separated from tetanospasmin, but no physiological activity in
the whole animal has been ascribed to it (see Section VI,B,3).]

II.

Toxicity

A.

FACTORS A F F E C T I N G

TOXICITY

Considerations of the toxicity of tetanus toxin (and there are different
ways of considering it) are affected by several factors —inactivation of the
toxin; differences in the susceptibility of different animals to the toxin and
variations in these differences; and possible potentiation of the toxin.
In assaying the toxicity of tetanus toxin, very dilute solutions are used
since the toxin is so toxic; a solution of toxin containing 2 mouse LD 5/ml
0
would contain about 40 pg of toxin/ml. In dilute solution, the toxin would
denature or be adsorbed on the surfaces of the containing vessels, and this
is prevented by adding a protective protein to the diluent (e.g., gelatin or
peptone). However, Pillemer (1946) confirmed an early observation by
Mutermilch et al. (1934) that when toxin is dissolved in saline containing
1 % peptone it will tend to be reversibly adsorbed onto glass, but this does
not take place when saline alone is used. Nowadays, 0.2% gelatin is
usually used when making serial dilutions of toxin, and a fresh pipette is
used for each dilution. Another complication is that highly purified toxin
in solution may lose activity (but not antigenicity) by spontaneous toxoiding (Pillemer et al, 1948).
Animals vary in their susceptibility to tetanus toxin (as to all bacterial
toxins). Of the animals tested, the guinea pig is one of the most suscepti
ble and the pigeon one of the least (Table I). The frog is highly resistant at
its natural ambient temperature (10-15°C), but its susceptibility increases
with increasing temperature, although it does not approach that of mam
mals (Rowson, 1961). Smith (1942-1943) found that the ratio of toxicity
for various species of animal differed from one toxic culture filtrate to
another. Thus, the ratio for rabbits compared with guinea pigs varied from
29 to 354, while that for mice and guinea pigs varied only from 6.25 to 8.
From these and similar earlier observations, the inference was drawn that
the different culture filtrates contained different proportions of two or
more toxins. However, there has in fact never been any toxicological,
immunological, kinetic, or electrophoretic evidence for the existence of
more than one spasmogenic component in CI. tetani cultures (Largier,
1956b; Hardegree and Wannamaker, 1965).
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TABLE I
R E L A T I V E M I N I M U M L E T H A L D O S E S OF T E T A N U S T O X I N FOR V A R I O U S SPECIES
OF M A M M A L S A N D B I R D S (ON AN E Q U A L W E I G H T BASIS)"

M L D according to the following investigators:
Friedemann Smith
et al.
(1941) ( 1 9 4 2 1943)

Fildes

Species
Horse
Guinea pig
Monkey
Sheep
Mouse
Goat
Rabbit
Dog
Cat
Goose
Pigeon
Hen

Abel Bardelli Ipsen
et al.
(1929) (1935) (1927) ( 1 9 4 0 1941)
1

1
1
2
2

2

12

1

1

4

2-6

4-500

1

(1912)

D a v i e s Shumacker
et al.
et al.
(1955)
(1939)

0.5
1

1

4-20

von
Behring

3-6

24-720 50-320 3-350

6
12

1
4
6

900

300

480
960

1,200
6,000
24,000
180,000

6,000

"Adapted from G. P. Wright (1955).

It is possible that the variations in the ratios of susceptibilities to differ
ent samples of crude toxin might be connected with the phenomenon of
potentiation. For example, Traub et al. (1946) observed a 64-fold poten
tiation of some samples of crude tetanus toxin when these were diluted
with serum, and this was a genuine potentiation, not just a protection of
the toxin against denaturation (Zuger et al., 1939). However, potentiation
was observed only with toxin injection into mice and guinea pigs and not
with cats and rabbits. Thus, it seems that the toxicity of tetanus toxin may
be influenced by concomitant substances and that this influence is mani
fest to different degrees in different animals.
B . ASSAY OF TOXICITY

No in vitro assay has been devised for tetanus toxin since no simple in
vitro action of the toxin (e.g., hemolysis) has been found. Nor is there any
skin reaction as is used to assay (among others) diphtheria toxin. Conse
quently, tetanus toxin has usually been assayed by observing its lethal
effect on the whole animal. However, if the toxin is injected intramuscu
larly into a limb, it will produce typical spastic paralysis in that limb, and
this action has been used in assaying the toxin (see below).
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TABLE
RELATIVE M I N I M U M

II

LETHAL D O S E S OF T E T A N U S T O X I N W H E N A D M I N I S T E R E D
D I F F E R E N T R O U T E S OF

BY

INJECTION"

Relative M L D following injection:
Refer6
Species
Rabbit

Guinea pig

Hutia
Cat
Dog
Monkey
Pigeon

ence
a
b
c
d
e
a
b
c
e
g
f
f
f
h

Intra- Subcut- Intra
Intra- Spinal Medulla Cerebrum
Intra
ventricular
venous aneous muscular neural cord oblongata
1

1

V10-V20

1
1

V20-V100
VlO

1
1

Viooo

1
1

1

V25

1
1
1

1

1
1
1
1

V7-V13

I-V3

1

1

V100

1
7300
Vso
V4
Vs

"Adapted from G. P. Wright (1955).
^References: (a) van den H o v e n van Genderen ( 1 9 3 3 ) ; (b) Friedemann and Hollander
(1943); (c) Sawamura ( 1 9 0 9 ) ; (d) E . A. Wright ( 1 9 5 3 ) ; (e) Roux and Borrel ( 1 8 9 8 ) ; (f) Shumacker et al. (1939); (g) Angulo ( 1 9 4 3 ) ; (h) D a v i e s et al. (1955).

The lethality of the toxin depends on the route by which it is introduced
into the animal. It can be seen that the toxin is most potent when intro
duced into the central nervous system rather than peripherally or into the
blood stream (Table II). Contrary to previous belief, the toxin is also
toxic by mouth, but the toxicity by this route is 1 / 2 0 0 , 0 0 0 - 1 / 1 , 2 0 0 , 0 0 0
that of the parenteral route (Lamanna, 1 9 6 0 ) . Intramuscular injection is
the most convenient route for assaying tetanus toxin, and the animal most
frequently used is the mouse.
1. M I N I M A L LETHAL D O S E

Unfortunately, authors do not always state what they mean by minimal
lethal dose (MLD), since although it is defined as the least dose that will
kill the animals injected, this could mean that one, some, or all the injected
animals should be killed. In our experience the least dose that would kill
all the mice injected (the L D 1 0) 0was 1.4 times the dose that would kill
5 0 % of the mice injected (the L D 5 )0, and the L D 50 was 1.7 times the maxi
mum dose that would fail to kill any of the mice injected (the LD 0). Of
these three doses, the L D 50 is the most meaningful, since it lies on the
steepest part of the dose-response curve. Since the dose-response curve
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of tetanus toxin is steep, in practice if a series of twofold dilutions of teta
nus toxin is injected, it is common to find that with the higher of two adja
cent doses, all the mice will be killed, and with the lower, none. The defi
nition of L D 50 must include the time within which the animals die (in the
case of tetanus toxin, usually 4-7 days).
2.

D E A T H T I M E ASSAYS

Some workers assay tetanus toxin by determining the time it takes for a
given dose to kill mice. Ipsen (1941) expressed the relationship between
the M L D and the death time by the
0 5formula:
(ZW-l)

x ( 7 7 8 - 1 ) = 10.3

where D = dose, d = MLD, and T = death time. Sheff et al. (1965) have
introduced the notion of the minimum saturation dose of tetanus toxin, the
determination of which is claimed to be less time-consuming than that of
the minimal lethal dose. The minimum saturation dose (equivalent to
about 40,000 MLD) is the dose beyond which the death time is not fur
ther reduced. N o data have yet been provided to enable a judgment to be
made of the reliability of this assay.
3. M E A N

SYMPTOM

ASSAY

If tetanus toxin is injected intramuscularly (0.5 ml) into the hind limb of
a mouse, characteristic and clearly definable symptoms of increasing se
verity are produced in a given time by increasing doses of the toxin. Mellanby et al. (1968a) have assigned numerical values to these symptoms
(Table III), and Fig. 1 shows the progress of the mean symptom produced

TABLE

III

V A L U E S A S S I G N E D TO SYMPTOMS OF LOCAL T E T A N U S

INDUCED

IN M I C E BY I N J E C T I N G T O X I N I N T R A M U S C U L A R L Y I N T O
A HIND

LIMB

Symptom

Value
assigned

N o symptoms
Slight stiffness in injected limb visible only
when m o u s e suspended by tail
A n obvious limp in injected limb, still
used effectively in walking
Injected limb still movable, but not functional
Injected limb rigid; toes immovable
Animal convulsing; very ill
Dead

0
1
2
3
4
5
6
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F I G . 1. T h e progression of tetanus s y m p t o m s in a group of 2 0 mice injected with 2 L D
5)
tetanus toxin. S e e Table III for a s s e s s m e n t of s y m p t o m s . T h e vertical lines indicate the
standard deviations of the values.

in a group of 20 mice injected with 2 L D 50 of tetanus toxin. The figure
shows that the standard deviation is greater when the animals are near
death, where extraneous factors such as inability to get at water and food
and cannibalism play a greater part. The intermediate effects, up to mean
symptom 3 are more meaningful than the final effect (death), which is the
only effect observed in the customary determinations of lethal dose or
survival time. An amount of toxin which produces symptom 3 by day 3 is
approximately equivalent to 1 L D 5 .0
C.

TOXICITY OF P U R I F I E D

TOXIN

Table IV shows the properties, including the toxicity, of preparations
of purified tetanus toxin as obtained by several different workers in differ
ent countries. Most of the postwar preparations have conformed with at
least some of the acceptable criteria of purity, and the fact that they are all
of the same degree of toxicity (bearing in mind the limitations of assay)
suggests that if these preparations are not approaching a state of complete
purity, at least they are approaching a state of uniformity that must have
some significance in the economy of the parent bacillus. It will be seen
that the greatest potency observed in pure toxin preparations is 200 mil
lion mouse MLD/mg N , or about 30 million mouse MLD/mg protein.
Tetanus toxin is thus one of the most poisonous substances known, only
botulinus toxin (Vol. IIA, Chap. 1) and dysentery toxin (Vol. IIA, Chap.
6) having comparable toxicity.

(
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III.

Production a n d

Purification

A.

PRODUCTION

Practically all the tetanus toxin that has been produced in laboratories
all over the world since the last war (Pillemer et al, 1948; Largier, 1956a;
Thomson, 1957; Dawson and Mauritzen, 1967; Murphy and Miller,
1967) has been produced by the Harvard strain of CI. tetani (Mueller and
Miller, 1945) grown on the Mueller-Miller medium (see Taylor, 1945;
Mueller and Miller, 1954; C. Latham, et al, 1962; Table V). The only
notable exception has been the Institut Pasteur at Garches, where Ray
naud, et al (1960) (see also Raynaud, 1951) have used a French strain, as
well as the Harvard strain, and the medium of Prevot and Boorsma (1938)
which consists of a peptic and papain digest of beef. The final medium of
Mueller and Miller (1954) yielded 130-150 Lf/ml or 1.3-1.5 million
mouse MLD/ml. The variant medium of Latham et al. (1962) avoided the
use of the beef heart infusion and substituted ferric chloride for reduced
iron powder, at a cost of rather lower yields of toxin (70-90 Lf/ml). It is
important that gases should be allowed to escape freely from the culture,
and, for this reason, Mueller and Miller (1954) used wide-mouthed ves
sels (cylinders holding 6 liters of medium). Thomson (1957) grew 70-liter
cultures in 80-liter tanks with continuous stirring. In converting to proT A B L E IV
PROPERTIES OF V A R I O U S PREPARATIONS OF P U R I F I E D T E T A N U S T O X I N

Date

Reference

Sedimentation Molecular Lf/mg N M L D / m g N
constant1 3
weight
(mice)
( c m / s e c o n d x 1(T ) (5 x 10" )
5

Eaton and
Gronau
1945 Pickett et al.
1948 Pillemer et al.
1949 D u n n et al.
1956 Largier and
Joubert
1956a Largier
1967 D a w s o n and
Mauritzen
1967 Murphy and
Miller
1968 Murphy et al.
1968 Raynaud et al.
1968 T h o m s o n

Diffusion

2 coefficient

7

6 X 10

1938

6 X 107
6.6 X 1 0

7

4,400
2,700

10 x 10 7
3 - 2 0 x 10

6.4

3,000

15 x 1 0

4.5
5.5

7

7,200
3,600

3.9

4.4
7.88

67,286
68,000

140,000
148,000

7

2,800
2,800

7

7
7
10

3-20 x
3-15 x 10
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V

C U L T U R E M E D I A FOR T E T A N U S T O X I N

PRODUCTION

Quantity per liter
Constituents"

Mueller and Miller
(1954)

6
D i g e s t of casein
Beef heart infusion
Glucose
Sodium chloride
Sodium phosphate ( N a H P 0 )
2 4
Potassium phosphate ( K H P 0 )
2 4
Magnesium sulfate
Cystine
Tyrosine
Calcium pantothenate
Uracil
Nicotinic acid
Thiamine
Riboflavin
Pyridoxine
Biotin
Vitamin B
12
Reduced iron powder
Ferric chloride ( F e C l • 6 H 0 )

22.5 gm
5 0 ml
11 gm
2.5 gm
2 gm
0.15 gm
0.15 gm
0.25 gm
0.5 gm
1.0 mg
2.5 mg
0
0.25 mg
0.25 mg
0.25 mg
2.5/xg
0
0.5 gm
0

Lf/ml

130-140

3

2

C. Latham et al.
(1962)
25 gm
0
8 gm
2.5 gm
0
0
O.lOgm
0.125gm
0
1.0 mg
1.25 mg
0.25 mg
0.25 mg
0.25 mg
0.25 mg
2.5/ng
0.05
0
32 mg
70-90

6"Medium

adjusted to pH 7 . 0 - 7 . 2 , sterilized by autoclaving at 10 pounds for 2 0 minutes.
O n e kilogram of minced beef heart suspended in 1 liter tapwater, brought rapidly to
active boiling, strained through cheesecloth, and filtered through paper.

duction on such a large scale, an important factor is the need to avoid overautoclaving the medium with consequent poor toxin production. How
ever, C. Latham et al. (1962) found that some heating was necessary,
apart from sterilizing, because it brought about toxigenic changes in the
medium, presumably involving cysteine.
Previously, cultures were grown for 4 or 5 days until the organisms
autolyzed, and the toxin was discharged into the medium. Thus, for exam
ple, Thomson (1957) would grow the cultures for 48 hours in stirred tanks
and then transfer the tank harvests to 10-liter bottles where the cultures
were kept for a further 48 hours at 35°C. During this time, there was no
further growth, but autolysis took place. The culture would then be centrifuged in a continuous centrifuge, and the toxin was recovered from the
culture filtrate. However, since Raynaud (1951) developed his method of
extracting the toxin from the intact organisms before autolysis, several
laboratories grow the cultures for a relatively short time (72 hours) and
harvest the organisms by centrifugation before they autolyze (see below).
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PURIFICATION

1. F R O M FILTRATES OF A U T O L Y Z E D C U L T U R E S

Since World War II tetanus toxin has been obtained in a state of
purity higher by two orders of magnitude than the best prewar prepara
tions (Table IV). Pickett et al. (1945), without the help of modern meth
ods of protein purification, obtained by precipitation with cadmium salts
from filtrates of autolyzed cultures a preparation which compares very
favorably in toxicity with the best preparations reported more than 20
years later, although these workers made no claim that their preparation
was approaching purity. (Their high values for the Lf/mg may have been
due to the use of the prewar American Unit of antitoxin which had half
the value of the present International Unit.)
Pillemer (1946) was the first (and only) worker to crystallize tetanus
toxin. He used filtrates of cultures grown on Mueller-Miller medium and
purified the toxin by a series of precipitations with methanol in the cold
with precise control of the pH, protein concentration, and the ionic
strength of the toxin solutions (Pillemer et al., 1948; Table IV). Crystalli
zation of the toxin was difficult; traces of nucleoprotein prevented crystal
lization and so did the spontaneous detoxification of the toxin which
tended to take place during the purification process. Crystallization was
achieved by adjusting the purified preparation as follows: 1% protein
concentration, pH 6.0, methanol concentration 20%, ionic strength 0.02,
and temperature —5°C. Crystallization occurred in a few days and was
complete after several weeks. No other workers have since reported crys
tallization of the toxin. The preparation of Pillemer et al. (1948) gave sin
gle, apparently symmetrical peaks on free electrophoresis and ultracentrifugation (but on standing for 10 days at 0°C, in addition to the peak of
4.5 S, a second peak of 7.0 S would appear, apparently due to the forma
tion of a nontoxic dimer, see below). The solubility curve for the fresh
crystalline toxin was practically congruent with the theoretical curve for a
single-component preparation.
The preparation of Largier (1956a; Table IV) was obtained by his pro
cess of "multimembrane electrodecantation" from the filtrates of auto
lyzed cultures grown in cellophane sacs suspended in Mueller-Miller
medium. The final preparation behaved homogeneously upon electropho
resis and ultracentrifugation. Dawson and Mauritzen (1967; Table IV)
may well be the last to have used filtrates of autolyzed cultures as a source
of toxin. They precipitated the toxin at — 15°C with methanol (final con
centration 40%) and then processed the material on a column of D E A E cellulose. On immunoelectrophoresis, their final product appeared to be
homogeneous, but, on ultracentrifugation, there was a major component
with a sedimentation constant of about 7 S (see below) and a minor com-
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ponent with a constant of about 10 S. At pH 5.5 a minor component of 2 S
was also observed.
2.

F R O M EXTRACTS OF C E L L S

In 1947, Raynaud (1951) made an important discovery which has great
ly simplified the preparation and purification of tetanus toxin. He showed
that in young cultures (1-3 days) of the tetanus bacillus, before there was
appreciable soluble toxin in the culture medium, the toxin could be ex
tracted in high yield from the cells toward the end of the exponential
phase of growth. The cells were harvested by centrifugation and washed
with distilled water, and the toxin was extracted by suspending the cells in
hypertonic saline (1 M NaCl, 0.1 M Na citrate) for 5 days in the cold.
After centrifugation, the toxin concentration in the extract was as high as
500 Lf/ml. Extraction for more than 5 days did not yield more toxin, but it
extracted more protein and thus toxin with a lower specific activity. Shak
ing during incubation also caused the extraction of more nontoxic protein
but not more toxin.
This method of preparing the toxin is advantageous in that (1) the toxin
is concentrated easily and quantitatively simply by harvesting the cells by
centrifugation, and (2) the proteins and other large molecular constituents
of the culture medium (which may have contributed to toxin production)
are easily eliminated by separating and washing the cells. The extract con
tains only a relatively small (7-8) number of antigenic constituents.
Using this simple method of preparing concentrated crude toxin, Ray
naud and his colleagues (Raynaud et al., 1960; Raynaud and Turpin,
1956; Turpin and Raynaud, 1959; Table IV) purified the toxin in the fol
lowing stages: (1) precipitation of the toxin with metaphosphoric acid at
- 15°C, pH 3.8-4.0, with 23 gm NaCl/liter; (2) salting out by the addition
of 3.5 M potassium phosphate buffer to concentrations between 1.15 M
and 1.75 M; (3) removal of nucleic acid by precipitation with methanol at
final concentration of 7.5% at pH 4.0 and—5°C; (4) chromatography on
DEAE-cellulose equilibrated with 0.01 M E D T A (necessary to prevent
toxoiding). The final product gave only a single precipitin line on immuno
diffusion against complex antiserum, and antisera prepared against the
preparation gave only a single line with crude toxin. It also appeared to be
homogeneous on filtration through G-100 and G-200 Sephadex in EDTA
solution, and on ultracentrifugation.
Thomson (1957, 1968) also prepared the toxin from hypertonic saline
extracts of cells. Murphy and Miller (1967; Murphy et al., 1968; Table
IV) grew the organism in the modified Mueller-Miller medium of C. La
tham et al. (1962) for 72 hours at 33°C in 30-100-liter lots distributed in
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8-liter portions in 9-liter bottles. The cells were extracted at 4°C for 5
days with 0.1 culture volume of M NaCl, 0.1 M Na citrate. The toxin was
purified from these extracts by the following steps: (1) precipitating with
470 gm (NH 4) 2S0 4/liter, dissolving in 0.09 extract volume tris buffer, pH
7.5, and desalting on Sephadex 50; (2) processing on DEAE-cellulose; (3)
precipitating with 300 gm (NH 4) 2S0 4/liter; (4) processing on G-100 Se
phadex. The final product appeared to be homogeneous on Immunoelec
trophoresis and double diffusion, ultracentrifugation, electrophoresis in
polyacrylamide gel, and passage through a G-100 Sephadex column.
IV.

Nature

Tetanus toxin is a simple protein containing 15.7% nitrogen, 0.065%
phosphorus, and 1.04% sulfur. It contains no carbohydrate (Pillemer et
al, 1948) and no lipid (Mellanby and van Heyningen, unpublished).
Amino acid analyses of the protein are shown in Table VI. The iso
electric point is between 5.0 and 5.2. The toxin begins to precipitate from
solution and to lose activity when the pH is reduced to 6, but it is stable
to pH 5 in the presence of glycine (Pillemer et al, 1948).
Bizzini et al. (1963) found by amperometric and spectrophotometric
techniques that the toxin contained, for a molecular weight of 150,000,
9.3 free sulfydryl groups, 4.8 of which were directly accessible and played
no part in the biological activity of the molecule. The remaining 4.5 sul
fydryl groups were masked. By blocking the free sulfydryl groups with pchloromercuribenzoate and reducing the toxin, they showed that the mol
ecule contained 2.63 to 2.88 disulfide bridges. Murphy et al. (1968) found,
for a molecular weight of 140,000, 10 half-cystine residues but only 2 di
sulfide bonds. No free sulfhydryl was found by alkylation of the native
molecule, but 4 residues were obtained after denaturation in urea, and 2
additional residues after denaturation with urea in the presence of 8-hydroxyquinoline-5-sulfonic acid. Gel filtration and chemical studies on the
toxin denatured in 8 M urea indicated that the molecule was a single poly
peptide chain without a free N-terminal amino group.
It will be seen in Table IV that different values have been reported for
the sedimentation constant and the molecular weight of tetanus toxin. The
sedimentation constant of 4.55 S observed by Pillemer et al. (1948; Pille
mer and Moore, 1948) suggested a molecular weight of 66,000-74,000
(see Dunn et al, 1949). The sedimentation constant of 3.9 S and the diffu
sion constant of 5.5 observed by Largier and Joubert (1956) indicated a
molecular weight of 68,000.
But evidently there are forms of tetanus toxin of greater molecular

78.97

_

Totals

of 2 determinations.
M e a n of 8 determinations.

c

101.40

4.09
4.23
14.35
0.99
12.07
3.60
1.31
7.73
8.78
9.93
2.25
4.79
3.66
5.27
4.81
0.87
6.47
4.38

M e a n of 2 determinations.
^Ignored.

5.10
0.82

—

—

10.30
3.34
1.15
9.30
8.30
10.00
1.79
4.99

—

5.40

_

3.38
15.10

71.07
156.18
115.08
102.13
129.11
57.05
137.14
113.15
113.15
128.17
131.19
147.17
97.11
87.07
101.10
186.20
163.17
99.13

G
6M e a n

VI

100.77

7.58
3.90

—

2.75
3.86
17.26
0.71
9.66
2.78
1.25
9.26
9.02
9.55
2.11
5.36
4.04
6.05
5.63

100.34

3.42
3.82
15.57
0.85
10.68
3.24
1.24
8.76
8.70
9.83
2.05
5.05
3.85
5.66
5.18
0.85
7.03
4.56
0.0481
0.0245
0.1353
0.0083
0.0827
0.0568
0.0090
0.0774
0.0769
0.0767
0.0156
0.0343
0.0396
0.0650
0.0512
0.0046
0.0431
0.0460
588

_

_

66,498
65,416
65,781 d
60,076
65,280
65,150
66,358
65,875
66,329
65,193
63,995
67,028
65,581
66,149
66,359
65,718
64,989
65,217

Molecular
weight of
monomer
(100ACIB)

M e a n molecular weight = 6 5 , 7 0 1
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weight. Pillemer et al. (1948; Pillemer and Moore, 1948) found that when
solutions of pure tetanus toxin in neutral isotonic saline were allowed to
stand 10 days at 0°C, 7 5 % of the toxicity was lost and the toxin prepara
tion became inhomogeneous. Still, 4 0 - 4 5 % of the material had a sedimen
tation constant of 4.5 S, but the remainder had a sedimentation constant
of 7 S, corresponding to a molecule of twice the molecular weight. The 7 S
material was no longer toxic but still flocculated readily with tetanus anti
toxin. This suggested that the pure toxin spontaneously condensed to
form a nontoxic dimer. Largier and Joubert (1956), similarly, found a
toxic monomer with a sedimentation constant of 3.9 and a nontoxic dim
mer of 7.6 S.
Since 1956, it seems that sedimentation constants corresponding to a
molecular weight of about 68,000 have not been observed. Raynaud et al.
(1960; Mangalo et al., 1968) observed sedimentation constants of 6.1 and
7.1 S; Dawson and Mauritzen (1967) 6.1 to 6.7 S; Murphy and Miller
(1967) 6.4 S. Mangalo et al. (1968) stated that with 20 different samples of
purified toxin, they had never observed a sedimentation constant of 4.5 S,
except when the toxin was treated with cysteine followed by monoiodoacetate by the method of Raynaud et al. (1960). Under these circumstances
an active toxin was obtained with a sedimentation constant of 4.5 S, and
this suggested that depolymerization due to rupture of disulfide bonds had
taken place.
It therefore appears that tetanus toxin can exist in an active state (and
in a nontoxic but still antigenic state) in two forms — a monomer of molec
ular weight of about 68,000 and a dimer of about twice that molecular
weight. It is possibly significant that the monomeric toxin was isolated by
earlier workers from culture filtrates of autolyzed organisms, whereas the
dimeric toxin has been isolated by later workers from cell extracts. An
exception is the preparation of Dawson and Mauritzen (1967), with sedi
mentation constants from 6.1 to 6.7 S, isolated from toxic culture filtrates.
Mangalo et al. (1968) showed that the sedimentation constant of teta
nus toxin depended on the concentration of the toxin and found a value of
7.88 S after extrapolation to zero concentration. However, this depen
dence of S on concentration is unlikely to account for the difference be
tween about 4.5 and about 7 S, since extrapolation of the data of Mangalo
et al. (1968) suggest that their preparation might have had an apparent S
of 5 only at a concentration as high as about 35 mg protein/ml, which
would hardly have been used by any of the earlier workers. When the
molecular weight of the toxin was determined by Mangalo et al. (1968) by
the method of Yphantis (1960), a value of 150,000 ± 8 % was obtained.
This value was independent of rotor speed or toxin concentration. Mur
phy et al. (1968) found a sedimentation constant of 6.4 S and diffusion
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constants of 4.2 and 4.4 by chromatographic and immunodiffusion tech
niques, respectively. These values yielded an average molecular weight of
140,000.
In Table VI, values for the molecular weight of a probable monomer
are calculated in two ways from the means of 12 amino acid analyses of
the toxin by three groups of workers. A molecular weight of nearly 66,000
is obtained. It is likely, therefore, that the molecular weight of the dimer is
132,000.
V.

Synthesis

Tetanus toxin is one of the three most poisonous substances known; its
biological activity is such that 1 ml of a solution made by dissolving 1 mg
of toxin in half a million liters will produce signs of paralysis in a mouse.
Yet the physiology of the production of the toxin by the bacillus is a mys
tery. The toxin appears to be of no use to the bacillus; it does not destroy
any structures to assist the organism in invading animal tissues. The ac
tion of the toxin appears to be confined to nervous tissue, a tissue with
which the bacillus is unlikely to come in contact in the course of infecting
an animal. Yet it is hardly credible that the bacillus would produce such a
complex substance as a protein in such amount (5-10% of the bacterial
weight) without its being of importance to the organism.
One approach to the study of the bacterial physiology of toxin produc
tion is to determine the nature of any essential toxigenic substances in the
medium. This subject has been studied by Mueller and Miller (1955,
1956), using their medium (Table V) as a base. The main component of
the medium, a pancreatic digest of casein (which could not be replaced by
an acid digest) was separated by means of reversible resin columns into
three main fractions —acidic, neutral, and basic —all of which were essen
tial for toxin production. In all three fractions the active material ap
peared to be of a peptide nature. The peptides in the acid fraction con
tained glutamic acid, isoleucine, serine, and phosphoserine. The large and
complex neutral fraction contained many amino acids and peptides, par
ticularly lysine and glutamic acid peptides. It seemed possible that a pep
tide of glutamic acid was a toxigenic substance since glutamic acid was
essential for growth of the organism, although not present in the free state
in the pancreatic digest of casein; yet, if the free L-amino acid was added
to the complete medium toxin production was inhibited (see below).
The basic fraction contained free histidine, arginine, and lysine, and
many histidine peptides. These histidine peptides could not be replaced
by free histidine, but they could be replaced by certain synthetic histidine
peptides, particularly glycylhistidine. Acetylhistidine and carnosine
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(alanylhistidine) were equally effective if added in high concentration; glutamylhistidine was half as effective; anserine (A^-methylcarnosine) and
methylhistidine were ineffective.
Free histidine was utilized by the organism for growth, but even in large
amounts it could not replace histidine peptide in toxin production. Kihara and Snell (1955) suggested that the superior effect of the peptides
over the free amino acids might have been due to a more rapid microbial
degradation of free amino acids and to a greater cell permeability to pep
tides, but the specificity of the histidine in peptide linkage must also be
taken into account.
Miller et al. (1960) found that when CI. tetani was grown on a toxigenic
medium, the cells contained an enzyme which hydrolyzed histidine pep
tides. The peptides most suitable for toxin production were those which
were most readily attacked by the peptidase, and it was not possible to
induce peptidase formation without toxin formation; however, peptidase
activity and toxic activity appeared to reside in different proteins.
Iron, in concentration higher than certain maxima, has been shown
to be inhibitory to toxin production by a number of organisms, including
the tetanus bacillus, but this effect depends on the medium. Mueller and
Miller (1943) found that with a "peptone-free" medium, the concentration
of iron was highly critical for toxin production; media containing too little
iron failed to support growth, while with increasing concentration of iron,
growth and toxigenesis increased up to a concentration of 0.05 mg
Fe/liter; with a higher iron concentration, growth increased further but
toxin production fell off sharply. However, on the "peptone-free" me
dium toxin production was never very high, and when it was replaced by a
more complex medium (Mueller and Miller, 1954), there was no longer an
optimum iron concentration. Indeed, the more iron that was added, the
greater the production of toxin. [C. Latham et al. (1962) variant of the
Mueller-Miller medium contains 6.6 mg Fe/liter.]
A phenomenon that could be of importance in elucidating a function for
tetanus toxin in the parent organism is the specific suppression of the pro
duction of the toxin by glutamic acid. Mueller and Miller (1949) showed
that under certain conditions glutamine increased toxin formation, and
several considerations suggested that peptides containing glutamic acid or
glutamine were important in the nutrition of the organism during toxin
production: (1) glutamic acid was necessary for the growth of the orga
nism; (2) it was not present in the free state in the Mueller-Miller medi
um, but only in the form of peptides; and (3) the addition of free glutamic
acid to an otherwise toxigenic medium resulted in a suppression of toxin
formation (from 40 to 1 Lf/ml). Tsunashima et al. (1964a,b) found that the
addition of glutamic acid ( 1 % final concentration) to the culture medium
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suppressed toxin production without affecting the final yield of organisms.
Glutamine, aspartic acid, asparagine, and histidine had similar effects.
Tetanus toxin was the only antigen which was suppressed by 1 % glutamic
acid. They were able to remove nonspecific flocculating antibodies from
pepsinized tetanus antitoxic horse serum by absorbing the serum with a
concentrated filtrate of a culture of a toxigenic strain of CI. tetani grown
on a medium containing 1% glutamic acid. After 2 or 3 absorptions, no
precipitating antibodies were detectable in the antiserum by immuno-diffusion except the antitoxin, and this was present in 90% yield. The ab
sorbed serum gave a single flocculation zone with any crude preparation
of tetanus toxin, and a precipitation curve characteristic of a single
antigen-antibody system.
Mellanby (1968) confirmed the specific effect of glutamic acid on toxin
production with a more toxigenic strain of CI. tetani and showed that sup
pression of toxin production was associated with a marked effect on the
life-span of the organism. This suggested that toxin production has some
important function in the physiology of the organism. Mellanby found that
a culture grown on a variant of the Mueller-Miller medium supplemented
with 1 % sodium L-glutamate grew more rapidly than a culture without
added glutamate for the first 24 hours after inoculation and then started to
autolyze, whereas the ordinary culture continued to grow for a further 30
hours and produced 30% more dry weight of organisms. At 36 hours, a
glutamate culture (176,000 LD 5/ml)
had twice the toxin content of an
0
ordinary culture (77,000 LD 5/ml),
and
most of the toxin was extracellu
0
lar, probably due to autolysis; at 89 hours the glutamate culture (522,000
LD 5/ml)
had 1/5 of the toxin of the ordinary culture (2,650,000 LD 5/ml),
0
0
which by now had also autolyzed. At 36 hours, the glutamate culture
supernate contained twice as much protein (1.65 mg protein/ml) as the
normal culture (0.85 mg protein/ml), but this did not increase, whereas
the protein content of the normal culture supernate doubled in the next
53 hours. By 89 hours, both culture supernates had the same protein
content (1.80 and 1.77 mg protein/ml) and both contained the same
antigens as revealed by immunoelectrophoresis. The suppression of
toxin production by glutamate was not due to toxoiding, since L D 50
values were paralleled by L + values. In cultures grown on ordinary
medium, the major production of toxin takes place after the time that
autolysis begins in a glutamate culture. Thus, in a particular culture,
9 2 % of toxin production took place between the 37th and the 62nd hours,
at which time 9 6 % of the toxin was still intracellular; by the 86th hour
autolysis had taken place and practically all the toxin was in the superna
tant fluid. By the 157th hour the toxin content had fallen to 1/5 due to tox
oiding. Glutamate thus appears to suppress toxin formation by causing

2 . TETANUS TOXIN

85

the organisms to autolyze at a time by which they have produced prac
tically all the protein and practically all the antigens, but before they
have produced the toxin. The toxin appears to differ from the other anti
gens in being the only one that is formed at a later, stationary, phase of
growth.
The glutamate cultures removed 90% of the added glutamate from the
medium within 15 hours, but since autolysis took place 24 hours after
this, it is unlikely that these cultures autolyzed early because they had
developed a dependence on glutamate.
There is evidence that tetanus toxin is produced within the cell in the
first instance as an inactive and possibly insoluble protoxin (Seki et al.,
1954, 1957; Lettl et al., 1966a,b). Lettl et al. (1966b) showed that when a
culture of CI. tetani was made to lyse immediately after the logarithmic
growth phase by the addition of penicillin, the titer of toxin in the super
natant fluid continued to increase, suggesting activation of a protoxin. The
toxin content of these penicillin-suppressed cultures was only about onetenth that of a normal culture. Mellanby (1968) obtained comparable re
sults with glutamate cultures; autolysis was induced prematurely and the
toxicity of the supernatant fluid increased threefold after lysis (see above).
In a normal culture, there was no increase in toxicity after lysis. This sug
gests that if protoxin is produced in a normal culture, it is activated before
autolysis.
VI.

M o d e of

Action

The majority of cases of tetanus in man fall into one or another of two
forms: (1) "general tetanus," in which, after an ill-defined prodromal
stage, intoxication is manifested by an increasing spasticity of the jaw
muscles, followed by similar changes in the muscles of the trunk and the
limbs, and finally, generalized convulsions; and (2) "local tetanus," in
which the muscles of the region infected (generally a limb) become at first
painful and then spastic. Experimentally, these two forms can readily be
reproduced in small animals, general tetanus by intravenous and local tet
anus by intramuscular injection of the toxin.
The action of 1 M L D , and of half a million M L D , of highly purified tet
anus toxin injected into the gluteal muscles to the right at the base of the
tail of the mouse has been described as follows by Pillemer and Wartman
(1947):
T h e injection of one M L D of crystalline toxin resulted in the appearance of signs
in 20 to 3 0 hours. T h o s e manifestations gradually increased in severity until the
classical signs of tetanus were present in 4 8 to 7 2 hours with death usually ensuing
in 96 hours. After 2 4 hours there was s o m e roughing of the fur and mild stiffness of
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the tail accompanied by slight paralysis of both hind legs which caused an awk
ward, waddling gait. After 48 hours there was constant spastic paralysis of the right
hind limb with the paw outstretched and turned upwards. T h e tail was stiff and
curved to the right. Moderate scoliosis with convexity to the left side was also pres
ent. T h e righting reflex was impaired so that the animals when placed on their
backs were able to right themselves only with great difficulty. Urinary incontinence
was often present. T h e s e signs increased in severity, and after 72 hours pro
nounced respiratory difficulty and cyanosis due to partial fixation of the muscles of
the thorax and abdomen appeared. The right hind limb could not be flexed and the
left hind limb and both fore limbs were rigid, causing the animals to m o v e with a
clumsy gait. Many animals s h o w e d peculiar e y e changes at this time. T h e eyelids
were either partially or completely closed and there was marked lacrimation and
crusting on the margin of the eyelids. T h e faces had a pinched expression. Intermit
tent convulsions occurred and a few animals died at this stage. H o w e v e r , s o m e of
the mice were able to m o v e about and take food and water in spite of the severity of
the disease. Care was taken not to disturb the animals because many were ex
tremely sensitive to noise or exercise and handling might shorten the time before
death. T h e majority of the animals receiving one M L D died within 96 hours. At
this time the signs described above were extreme, and the mice appeared to die
from a combination of exhaustion and asphyxia. Injection of 5 0 0 , 0 0 0 M L D of
toxin produced a clinical picture quite different from that described above for small
doses of toxin. The first detectable signs appeared in about 30 minutes and con
sisted of moderate fixation of the muscles of thorax and abdomen with increased and
labored respiration. Within 45 minutes the abdominal muscles and diaphragm were
markedly retracted and resulted in an hour-glass appearance of the animals. G e n e r 
alized tetanic convulsions occurred, accompanied by some paralysis of all extremi
ties. Stiffness of the limbs produced a bouncing gait. Complete paralysis soon fol
lowed and death invariably occurred within 6 0 to 70 minutes after injection of
toxin. Stiffness of tail, constant spastic paralysis of hind limbs, loss of righting re
flex and eye signs were not observed.

A . MOLECULAR L E V E L

Very little is known of the actions of the toxin at the molecular level
which result in the manifestations described above. Suggestions have
been made (see Firor et al, 1940; Pillemer and Wartman, 1947; Janoff,
1964) that the toxin itself is not directly toxic but produces a toxic sub
stance in the tissues of the host, but these suggestions have not been sub
stantiated. Nor has there been any substantiation of the several sugges
tions that tetanus toxin affects cholinesterase or choline acetylase activity
(for references, see Laurence and Webster, 1963).
Tetanus toxin does not act on any isolated cells or fluids of the body,
such as red or white blood cells or plasma; it does not produce any erythe
ma, edema, or hemorrhage when injected intracutaneously; and even
when injected into mice in such massive doses as 500,000 M L D , it appar
ently produces no pathological lesions. Occasionally, some changes in
some tissue are reported, but these are never consistently observed, and
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have not been reported after the injection of pure toxin. If such changes
are produced with crude toxin preparations there is no evidence that they
are not due to enzymes or other substances accompanying the toxin.
Since there are no pathological lesions after tetanus intoxication, there
are no clues to the mode of action of the toxin at the histological, let alone
the chemical or molecular, levels. All that is known about the site of ac
tion of the toxin is the physiological evidence that it acts on the nervous
system (see Section VI,B).
1. FIXATION OF T E T A N U S T O X I N BY NERVOUS TISSUE

A phenomenon that might possibly provide a clue to the molecular ba
sis of the action of tetanus toxin is the fixation of the toxin by nervous tis
sue, first observed by Wassermann and Takaki (1898). They found that
when a tetanus culture filtrate was mixed with an emulsion of guinea pig
brain and filtered, toxicity was reduced or abolished. Injection of brain
emulsion gave some protection to mice injected with tetanus toxin 24
hours later. The opalescent supernatant fluid obtained after centrifuging
brain emulsion, or cerebrospinal fluid, had no detoxifying effect. Liver,
spleen, bone marrow, and normal serum had no effect either. These obser
vations were taken up and confirmed by many workers.
Metchnikoff (1898) stated that the brain of mammals was more capable
of fixing toxin than that of tetanus-resistant animals such as the hen, the
frog, and the turtle. This finding was confirmed with respect to the frog in
later years (Rowson, 1961), but not with respect to the hen (van Heyningen, 1959a). Danysz (1899) showed that after being heated for 20 minutes
at 100°C, the toxin-fixing capacity of guinea pig brain was not reduced,
but somewhat enhanced. Fulthorpe (1956) found that the capacity of
dried horse brain to fix tetanus toxin was slightly reduced if the tissue was
first saturated with heated tetanus toxoid and markedly reduced after pretreatment with diphtheria toxoid. Pons (1938) and Fulthorpe (1956)
found that tetanus toxoid was apparently not fixed by brain emulsion.
Coleman (1924) showed that brain tissue did not fix botulinum or diphthe
ria toxins, and Fulthorpe (1956) showed that diphtheria, Clostridium oedematiens a, Clostridium welchii a, /3, €, and /c, and staphylococcus a tox
ins were not fixed. Thus, the evidence so far accumulated suggested that
the Wassermann-Takaki phenomenon was specific in that (1) of a number
of toxins tested, only tetanus toxin was fixed, (2) tetanus toxoid was not
fixed, and (3) of a number of tissues tested, only nervous tissue fixed teta
nus toxin.
Progress has been made in identifying the cellular component responsi
ble for the fixation of tetanus toxin by nervous tissue. Wassermann and
Takaki (1898) had found that spinal cord was less effective than brain in
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fixing toxin, and Marie (1898) had found that gray matter of brain had a
greater toxin-fixing capacity than white matter. Mellanby et al. (1964)
studied the fixation of toxin by subcellular fractions of brain and showed
that fractions with a high content of synaptosomes (nipped-off nerve
endings) had a greater toxin-fixing capacity than relatively pure mito
chondrial or microsomal fractions. Mellanby and Whittaker (1967) dis
rupted brain synaptosomes by suspending them in hypo-osmotic media
and carried out a further fractionation. Synaptic vesicles had little toxinfixing capacity, but a fraction believed, on the basis of morphological ap
pearance and enzymatic composition, to be rich in synaptic membranes
had a toxin-fixing capacity about 10 times that of synaptic vesicles and
twice that of the original brain homogenate.
2. FIXATION OF T O X I N BY GANGLIOSIDES

The substance in nervous tissue that is responsible for the fixation of
tetanus toxin has been shown to be a ganglioside. The gangliosides
are water-soluble and chloroform-soluble mucolipids — ceramidyloligosaccharides containing residues of stearic acid, sphingosine, glucose,
galactose, ^-acetylgalactosamine, and sialic acid (7V-acetylneuraminic
acid) (see Fig. 2). Their concentration is greater in gray matter than in
white. Landsteiner and Botteri (1906; see also Takaki, 1908) had found
that the "protagon" component (now known to be a mixture of cerebrosides and other sphingolipids) of nervous tissue had the greatest toxinfixing capacity, but they were puzzled by the fact that the cerebroside
content of gray matter was less than that of white matter, whereas the
toxin-fixing capacity of gray matter was greater than that of white matter.
The cerebrosides are water-insoluble ceramidylmonosaccharides (see
Fig. 2); van Heyningen (1959a,b,c; van Heyningen and Miller, 1961)
showed that pure cerebroside in fact does not fix toxin, but, in "protagon," it is complexed with ganglioside, and it is the ganglioside that fixes
the toxin. Ganglioside itself is water-soluble, but it cannot be extracted
from mammalian brain with water, probably because it is complexed with
water-insoluble substances such as cerebrosides. "Protagon" fixed teta
nus toxoid, but only to a small extent compared with tetanus toxin; it did
not fix diphtheria, dysentery, CI. welchii types A, B, C, and D toxins, nor
trypsin, pepsin, serum albumin, or serum a- and /3-globulins. Although it
fixed the basic enzyme lysozyme in the absence of salt, when the salt con
centration was raised to the physiological level this fixation was abol
ished. The fixation of tetanus toxin is independent of salt concentration.
Ganglioside in solution will inactivate a number of toxins, including tet
anus, diphtheria, and staphylococcal toxins, especially on incubation at
37°C in the absence of protective protein. This is a nonspecific phenome-
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non and apparently has no connection with the specific and avid fixation
of tetanus toxin (see below). However, this nonspecific inactivation of
biologically active proteins has in the past led to some misunderstanding
of the apparently special relationship between tetanus toxin and ganglio
side (see van Heyningen, 1959c, 1961; North and Doery, 1961; van
Heyningen and Miller, 1961; see also Raskova and Masek, Vol. I, Chapt.
9, p. 334 of this treatise).
The fixation of tetanus toxin by ganglioside is dependent on the number
of sialic acid residues in the ganglioside molecule (van Heyningen and
Miller, 1961; Bernheimer and van Heyningen, 1961) and on the position
of the sialic acid residue in the molecule. There are a number of ganglio
sides in nervous tissue, differing mainly in their oligosaccharide moieties
according to the number of hexose residues, the presence or absence of
the galactosamine residue, and the number and distribution of sialic acid
residues (Ledeen, 1966; Wiegandt, 1968). In 1963, van Heyningen
showed that gangliosides with two sialic acid residues attached to each
other had about 6 times as much capacity to fix tetanus toxin as other
gangliosides, even when they contained the same number of sialic acid
residues (Table VII). Thus, free ganglioside can be shown to fix up to 20
times its weight of tetanus toxin. Taking a molecular weight of 1800 for
the disialoganglioside G U I , and 66,000 for the monomeric toxin, this
means that 2 molecules of ganglioside will fix 1 molecule of toxin.
Water-insoluble complexes of ganglioside (which fixes tetanus toxin)
and cerebroside (which does not fix toxin) in the form of "protagon" will
fix toxin (see above), but van Heyningen and Mellanby (1968) noted that
a ganglioside-cerebroside complex containing 50% ganglioside had only
Vs as much capacity to fix toxin as fresh guinea pig brain, which contained
only 0.5% ganglioside. That is, per unit ganglioside, the guinea pig brain
had 800 times as much toxin-fixing capacity as the ganglioside-cerebroside
complex. However, it was found that the toxin-fixing capacity of ganglio
side-cerebroside complexes depended greatly on the relative proportions
of the two constituents, and a complex containing 2 5 % ganglioside
was 50 times better at fixing toxin than complexes containing either
2% or 50% ganglioside. A complex containing 2 5 % of a mixture of gan
gliosides G U I and GIV (Kuhn's classification, see Table VII) containing
two sialic acid residues joined together was 12 times better at fixing toxin
than a similar complex containing gangliosides GI and GIL Complexes of
ganglioside with sphingomyelin and lecithin fixed toxin to a slight extent.
Previously, it had been found that free ganglioside fixed strychnine and
serotonin (van Heyningen, 1963), but the complex with cerebroside was
more specific and did not fix these drugs. The ganglioside-cerebroside
complex containing 2 5 % mixed gangliosides accounted for only 10-25%
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of the toxin-fixing capacity of fresh brain per unit ganglioside. However,
the ganglioside in this complex contained only Vi the proportion of G U I
and G I V gangliosides present in fresh brain, and it is likely that a
ganglioside-cerebroside complex containing the gangliosides in the same
relative proportions as in fresh brain would account for all the toxin-fixing
capacity of brain. In this connection, it may be noted that van Heyningen
and Woodman (1963) had shown that in frog brain, which has a low toxinfixing capacity compared with mammalian brain, the ganglioside is extractable with water. The toxin-fixing capacity of purified frog brain gan
glioside did not appear to differ from that of mammalian brain ganglioside,
but ganglioside is not extractable from mammalian brain with water, and
possibly is more firmly bound in water-insoluble complexes than frog
brain ganglioside. This may be relevant to the poor toxin-fixing capacity
of frog brain (and perhaps also to the relatively low susceptibility of the
frog to tetanus toxin).
Mellanby et al. (1968a) found that it was possible to protect mice
against injected tetanus toxin by injecting ganglioside — 5 mg would pre
vent death from 5 L D 50 toxin. A smaller amount of ganglioside was
equally effective if it was complexed with cerebroside (25% ganglioside,
see Fig. 3).
Although the fixation of tetanus toxin by ganglioside and by gan
glioside-cerebroside complex is a striking phenomenon with respect
to its toxin specificity, its ganglioside specificity, and its avidity, there is as
yet no evidence that the phenomenon has any connection with the mode
of action of the toxin; nor is there any evidence that there is no connec
tion. All attempts to detect any change in the ganglioside molecule as a
result of its interaction with the toxin, or any changes in the relative
amounts of different gangliosides in brain after incubation with toxin,
have been negative (see van Heyningen and Miller, 1961; Mellanby and
van Heyningen, 1967). It may well be that the fixation of tetanus toxin by
ganglioside is not directly connected with its action, but rather that it de
termines the site of action of the toxin.
B . PHYSIOLOGICAL L E V E L

It is now well established that tetanus toxin suppresses inhibition in the
mammalian spinal cord (see Section VI,B,2). This action alone could ex
plain the occurrence of convulsions and spasticity in tetanus-intoxicated
mammals. However, there are many reasons to believe that this is not the
only action of tetanus toxin. In particular, there are a number of isolated
pieces of experimental evidence for a peripheral action of tetanus toxin,
probably a blocking of neuromuscular transmission (see Section VI,B,3).
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F I G . 3. Protection of mice against 5 L D
50 tetanus toxin with ganglioside-cerebroside
c o m p l e x ( 2 5 % ganglioside). T h e values are the means of the s y m p t o m s in each group of 2 0
mice ( s e e Table III). All the injections were intramuscular in the s a m e hind limb. Circles =
gelatin-buffer; squares = 0.5 mg ganglioside; triangles = 2 mg ganglioside-cerebroside c o m 
plex.

In addition, there have been some suggestions from clinicians that the
spasmogenic action of tetanus toxin may not explain all the symptoms
encountered in the natural disease (see Section VI,B,4).
1. SPREAD O F T E T A N U S T O X I N IN T H E B O D Y

Local tetanus can be produced in a limb by intramuscular or subcutane
ous injection of a sublethal dose of tetanus toxin into the limb. It is proba
ble that the local tetanus symptoms occur at least partly (but, perhaps, not
wholly, see Section V I , B , 4 ) as the result of an action of tetanus toxin on
the motoneurons in the spinal cord supplying the injected muscles. Al
though there has been agreement that tetanus toxin can act on the central
nervous system, there has long been controversy as to whether it travels
there in the blood stream or along the nerves. There is a great deal of evi
dence to support the view that in local tetanus the toxin travels to the
spinal cord along the nerves (see E . A. Wright et al., 1 9 5 1 ) . However, this
view was at one time challenged by Abel and his collaborators ( 1 9 3 5 ,
1 9 3 8 ) and by Harvey ( 1 9 3 9 ) . Abel suggested that tetanus toxin acted lo
cally on injected muscles to produce local tetanus and, via the blood
stream, on the central nervous system to produce the symptoms of gen
eral tetanus, but his evidence has been severely criticized (see G. P.
Wright, 1 9 5 5 ) . Arguments for the centripetal movement of toxin in nerves
are: ( 1 ) local tetanus of the appropriate limb can be produced by the injec
tion of toxin into the sciatic nerve (Davies et al., 1 9 5 4 ) ; ( 2 ) local tetanus
can be prevented in a muscle injected with the toxin if antitoxin, in a dose
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which would be ineffective if given intravenously, is injected into either
the ipselateral or the contralateral motor nerve, or if sclerosis has previ
ously been produced in the motor nerve to the muscle ( E . A . Wright et al.,
1 9 5 1 ; Bayliss et al., 1 9 5 2 ) ; ( 3 ) tetanus toxin can be recovered from an
appropriate motor nerve after distal intramuscular injection of tetanus
toxin; and ( 4 ) Kryzhanovskyi ( 1 9 6 1 ) has shown that tetanus toxin enters
the central nervous system from the muscles via the anterior roots and
cannot be demonstrated in the posterior roots under the conditions of his
experiment. The centripetal flow of toxin along nerves toward the central
nervous system is not a special property of tetanus toxin; it has also been
demonstrated to occur with dyes (Wischneusky, 1 9 2 8 ) , India ink
(Brierley and Field, 1 9 4 9 ) , and with radioactively labeled serum proteins
injected into the muscle ( E . A . Wright et al., 1 9 5 1 ) .
Within the nerve trunk, it is probable that the toxin travels in the tissue
spaces between individual nerve fibers. That it does not travel in the
nerve axons is demonstrated by the observation that sclerosis of the nerve
blocks centripetal toxin flow while leaving nerve conduction unaffected
(Bayliss et al., 1 9 5 2 ) . Since the lymphatics do not communicate with the
thecal space, but drain centrally into lymph nodes in prevertebral tissues,
they are unlikely to be the channels in which the toxin travels (see E . A .
W r i g h t s / . , 1951).
It is not yet generally agreed how blood-borne toxin enters the central
nervous system. It would be expected that the so-called blood-brain bar
rier would impose severe restraint on the entry of such a large molecule as
tetanus toxin into the central nervous system from the blood. However,
tetanus toxin injected intravenously, giving rise to general tetanus, is not
markedly less toxic than intramuscularly injected toxin. It has been
argued (see Laurence and Webster, 1 9 6 3 ) , that since the muscles first
affected in general tetanus are those of the face, whose motor nerves are
very short, the toxin enters the central nervous system along motor
nerves in the case of general tetanus too (Friedemann et al., 1 9 4 1 ; Lau
rence and Webster, 1 9 6 3 ) .
2 . CENTRAL ACTION OF T E T A N U S T O X I N

Since Sir James Simpson commented in 1 8 5 4 on the similarity between
the symptoms of puerperal tetanus and those of strychnine poisoning, it
has frequently been suggested that the modes of action of tetanus toxin
and strychnine are similar. Thus, Sherrington ( 1 9 0 5 ) found that after
injection of tetanus toxin into a hind limb of the dog had caused tetanus
symptoms to develop, stimulation of the saphenous, peroneal, popliteal,
and hamstring nerves, which would normally cause reflex relaxation
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(inhibition) of the extensor muscles of the same side, now caused extensor
contraction. This effect was closely similar to the action of strychnine on
the same reflexes, and Sherrington concluded that both tetanus toxin and
strychnine converted an inhibitory reflex response into an excitatory one.
Owen and Sherrington (1911) discussed the possible mechanisms of
strychnine action. They were well aware that all the reflex responses stud
ied were elicited by stimulating nerves containing both fibers whose activi
ties would give rise to excitatory effects and fibers giving inhibitory effects.
They suggested that strychnine acted either by converting "the essential
process of inhibition into an excitatory process," or by raising the potency
of excitatory fibers and depressing the potency of inhibitory fibers, hence
shifting the balance in favor of excitation. Later, however, Liddell and
Sherrington (1925) tested the action of strychnine on what was believed
to be an uncontaminated inhibitory input and were not able to find evi
dence for conversion of inhibition into excitation. Several other workers
obtained similar results and it was then generally concluded that the convulsant action of strychnine was due to enhancement of excitation (see,
e.g., Bremer, 1944).
However, in 1953, Bradley et al. showed that strychnine markedly de
pressed what they called "direct inhibition," which involved an appar
ently pure inhibitory input. In addition, they argued that if strychnine po
tentiated excitation, then it should increase the monosynaptic reflexes
(the stretch reflex —in which stimulation of the muscle spindle endings by
stretch brings about reflex contraction of that muscle). The fact that
monosynaptic reflexes were not much increased by strychnine, while in
contrast polysynaptic reflexes were greatly increased, lead Bradley et al.
to postulate that the actions of strychnine could be explained if it de
pressed the central inhibitory process without affecting excitation. They
also suggested the possibility that the action of strychnine might be com
parable to that of curare at the neuromuscular junction, "competing with
the inhibitory transmitter substance for the same steric configurations on
the inhibitory postsynaptic membrane." This work was followed up by
Coombs et al. (1955), who obtained recordings from single motoneurons
with intracellular microelectrodes before and after administration of
strychnine, and found that after drug administration, the inhibitory post
synaptic potentials (IPSP) they recorded were depressed. Curtis (1959)
from his work on the effects of strychnine on the spinal cord concluded
that its convulsive action "could result from abolition of inhibition which
would allow the uncontrolled spread of impulses initiated anywhere in the
central nervous system." Curtis et al. (1968) have shown that strychnine
can block the inhibitory effect of glycine (the putative inhibitory transmit-
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ter in the spinal cord) on motoneurons. If glycine can be shown to be the
inhibitory transmitter, this would of course substantiate the suggestion
that the blocking action of strychnine is postsynaptic.
Electrophysiological experiments on the mode of action of strychnine
have a technical advantage over experiments with tetanus toxin in that
intravenously injected strychnine acts within seconds or at most a few
minutes, whereas tetanus toxin, even when applied to the exposed surface
of the spinal cord takes V2 hour to several hours to act. Since a microelectrode can rarely be kept inside one neuron for hours without damaging the
cell, intracellular electrical recordings from the same motoneuron before
and after toxin application have not yet been obtained. Indeed, until very
recently all the work with tetanus toxin involved the observation of re
flexes and of the reflex output in ventral roots, not the recording from
single neurons. Thus, Brooks et al. (1957) investigated reflexes in tetanusintoxicated cats and found that the toxin, like strychnine, increased poly
synaptic reflexes while leaving monosynaptic reflexes unaffected and that
it decreased five different types of inhibition investigated. The elec
trical responses produced on the surface of the spinal cord by activity in
inhibitory interneurons were apparently unaffected by the toxin, which
therefore probably exerts its effect at the synapse between the inhibitory
interneuron and the motoneuron.
Curtis (1959) carried out further experiments on the action of tetanus
toxin in the spinal cord and has recently succeeded in obtaining extra
cellular records from single Renshaw cells before and after very local
ized application of tetanus toxin (by pressure applied to a micropipette
situated close to the cell; Curtis and de Groot, 1969). He has demon
strated that tetanus toxin can block the inhibition produced by squeezing
the ipsilateral hind paw, of acetylcholine-induced Renshaw cell firing.
In contrast, at a time when synaptic inhibition is thus blocked, inhi
bition of this cell by iontophoretically applied glycine is not blocked by
tetanus toxin. Hence, Curtis suggests that tetanus toxin may block the
release of inhibitory transmitter from the nerve terminals synapsing on
the Renshaw cell. It therefore may well be that the modes of action of tet
anus toxin and strychnine in the central nervous system are similar in that
they both specifically block synaptic inhibition in the spinal cord, but teta
nus toxin may be acting presynaptically while strychnine is acting postsynaptically.
This action of tetanus toxin on inhibition leads to increased activity in
a-motoneurons, resulting in the hyperreflexia of the skeletal muscles in tet
anus. Theoretically, the activity of a-motoneurons could be further aug
mented if tetanus toxin increased the activity of y-motoneurons. These
motoneurons supply the muscle spindles, and when their firing rate in-
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creases, the spindles shorten. This increases the rate of discharge from
the stretch-sensitive endings in the muscle spindles, which in turn activate
the a-motoneurons (stretch reflex). However, Webster (1967) considers
such an action of tetanus toxin unlikely in view of his experiments where
he recorded from motor nerve filaments in decerebrate rabbits which had
been given local tetanus. He found that although the excitability of amotoneurons was much increased the excitability of the y-motoneurons
was little affected.
3. PERIPHERAL ACTIONS O F T E T A N U S T O X I N

When considering possible peripheral actions of tetanus toxin, it is
important to distinguish between a primary peripheral action (e.g., block
ing neuromuscular transmission) and a secondary peripheral action result
ing from a primary central action (e.g., the potentiating effect of increased
activity of the motor nerve on neuromuscular transmission). Although it
has been accepted that the symptoms of general tetanus result from an
action of the toxin on the central nervous system, the possibility that a
peripheral action of tetanus toxin may be involved in producing the symp
toms of local tetanus has been suggested for many years. Thus Frohlich
and Meyer (1912) considered that a distinction must be made in tetanus
between reflex contractions of the muscle (similar to those seen in strych
nine intoxication) and the steadily progressive shortening of muscles in
toxicated with tetanus toxin (contracture). Hence, while in the early
stages of local tetanus section of the motor nerve to the muscle causes the
muscle to relax, once the muscle has entered this stage of contracture it
no longer relaxes on section of the nerve.
Ranson (1928) found that when a large dose of tetanus toxin was in
jected at many points into the body of the quadriceps muscle of the cat,
stiffness of the muscle in response to passive flexion apparently occurred
before there was any evidence of reflex tetanus. He found that muscles in
tetanus contracture showed a decreased height of contraction in response
to stimulation of their nerve and a delayed relaxation. Ranson suggested
that tetanus toxin had a dual action, causing a local "increased viscosity"
in muscle as well as having a strychnine-like action on the central nervous
system. Ranson's work did not, however, prove that the toxin had a direct
peripheral effect on muscle, since the toxin could still have acted via the
central nervous system.
Harvey (1939) further investigated the possibility that a direct periph
eral action of tetanus toxin was responsible for local tetanus and con
cluded that the toxin acted by (1) increasing the rate of spontaneous re
lease of acetylcholine from the nerve endings, hence depleting the amount
available for release when the motor nerve was stimulated and (2) de-
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creasing the activity of acetylcholinesterase at the neuromuscular junc
tion. He based these conclusions on a number of experiments, most of
which have since been discredited (see G. P. Wright, 1955). Thus, his
claim that local tetanus can be produced in the cat hind limb after com
plete denervation can be questioned since he sectioned only the sciatic
nerve high in the thigh, whereas complete denervation requires in addition
the section of the femoral and obturator nerves. If he did not completely
denervate the limb, then, of course, the local tetanus observed could have
been produced via the central nervous system. Later workers (e.g., Hutter, 1951) have been unable to repeat his finding that the local tetanus per
sisted only as long as the nerve terminals of the sciatic nerve had not yet
degenerated. However, there is one point in Harvey's paper (1939) which
was reconsidered by Ambache et al. (1948); that is, that 4-5 days after
intramuscular injection of the toxin, the tension produced by the muscle
in response to stimulation of the nerve was reduced. Harvey (1939) had
continued to observe such muscles for several weeks and found that the
muscle response to nerve stimulation became progressively reduced and
that after some weeks the tension evoked by direct muscle stimulation
was also reduced (which it was not during the earlier stages of local
tetanus). In addition, he found that although a muscle with local tetanus
responded to intramuscular injection of acetylcholine, it then relaxed
much more slowly than a normal muscle would have.
Ambache et al. (1948a) reinvestigated the peripheral action of tetanus
toxin by studying the effect of toxin injected into the anterior chamber of
the rabbit's eye on the intrinsic neuromuscular apparatus of the iris. They
found that the reflex constriction of the pupil in response to light was abol
ished; the effect was still produced after sympathetic denervation of the
iris. Since stimulation of the oculomotor nerve did not cause constriction
of the pupil in the toxin-injected eye, and since the sphincter pupillae
would still contract readily (within 10-15 seconds) when acetylcholine
was injected into the anterior chamber of the eye, it was concluded that
the toxin was blocking cholinergic neuromuscular transmission to the
sphincter pupillae. In further experiments (Ambache et al., 1948b) it was
shown that tetanus toxin decreased the acetylcholine content of the
aqueous humour, and, to a lesser extent, that of the iris, while leaving the
cholinesterase content of the iris unaffected. At the same time, the sphinc
ter pupillae of the intoxicated eye became hypersensitive to carbaminoylcholine injected subcutaneously. It was deduced that the toxin was inter
fering with the liberation of acetylcholine at the nerve endings in the
sphincter pupillae.
The finding of Feigen et al. (1963) that preparations of crude tetanus
toxin contain a nonspasmogenic fraction which increased the frequency
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(while leaving the amplitude unaffected) of miniature end plate potentials
in the mouse hemithorax preparation was of obvious possible relevance to
postulated peripheral actions of tetanus toxin. Such a fraction could con
ceivably facilitate neuromuscular transmission, or, alternatively, over a
long period of time, produce depletion in the acetylcholine content of the
nerve endings, leaving less available for release by a nerve impulse. The
latter action would be identical with that postulated by Harvey (1939) to
explain his observation of a neuromuscular blocking action of tetanus
toxin. However, Mellanby, et al., (1968b) tested the ability of this nonspasmogenic fraction of crude tetanus toxin to block cholinergic transmis
sion to the rabbit iris and found that the paralytic action of the crude prep
arations could not be attributed to it.
This apparent neuromuscular blocking action of tetanus toxin in the eye
was demonstrated in a living animal and could, therefore, be due to a pri
mary action on the central nervous system. However, the experimental
results strongly suggest that this may be a primary peripheral action. The
short ciliary nerve supplying the sphincter pupillae originates in ciliary
ganglion cells on which fibers of the oculomotor nerve synapse. Since
stimulation of the oculomotor nerve of the toxin-injected eye did not pro
duce constriction of the pupil, the action of the toxin must have been dis
tal to this nerve, unless the fibers in the oculomotor nerve had degener
ated. In addition, the supersensitivity of the muscle to carbaminoylcholine, and the fall in the acetylcholine content of the iris and aqueous humor,
point to the likelihood of a peripheral action. However, it is not possible to
distinguish whether the toxin was acting at the neuromuscular junction or
at the synapse in the ciliary ganglion without investigating the response to
stimulation of the short ciliary nerves in tetanus-intoxicated animals.
The action of tetanus toxin on the rabbit iris is apparently similar to the
action of botulinum toxin at the same site (Ambache, 1949). The action of
botulinum toxin, suppressing the output of acetylcholine from motor
nerve terminals, thus bringing about a "pharmacological denervation," is
well documented (Brooks, 1954, 1956). When botulinum toxin is injected
into an experimental animal it produces a flaccid paralysis, in contrast to
the spastic paralysis generally regarded as characteristic of tetanus intoxi
cation. However, apart from the action in the rabbit eye there is other
evidence in the literature to suggest that under some circumstances it is
possible to produce a flaccid instead of a spastic paralysis with tetanus
toxin. Thus, Davies and Wright (1955) found that when mice were in
jected intravenously with a large dose of tetanus toxoid (330 Lf) at the
same time as they were given tetanus toxin (36 L D 5 )0 they could be pro
tected from the tetanus toxin. If the dose of toxoid was insufficient to pro
tect the mice completely, then the mice exhibited symptoms unlike those
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usually associated with tetanus. There were no convulsions or muscular
spasms; instead, the muscles appeared to be flaccid and the mice looked
similar to animals injected with botulinum toxin. Miyasaki et al. (1967)
reported that while the expected spastic symptoms are produced in rab
bits when the toxin alone is injected intramuscularly, if the intramuscular
injection of the toxin is followed 2 hours later by intravenous injection of
antitoxin, a predominantly flaccid paralysis develops. Similar flaccidity
could also be produced when the toxin was injected into the epineurium
of the ischiadicus nerve. These authors concluded that tetanus toxin has
two pharmacological actions, one producing a spastic paralysis via an
action on the central nervous system and another producing a flaccid
paralysis of muscles by a direct peripheral action.
Prabhu et al. (1962) and Prabhu and Oester (1962) have produced evi
dence for a peripheral effect of tetanus toxin in rabbits, involving appar
ently both stiffness of injected muscles and blockage of neuromuscular
transmission. They found that toxin injection into the tibialis anticus mus
cle gave rise to the expected stiffness and reflex hyperactivity of the in
jected limb which appeared within 36-48 hours and lasted for 4-5 days.
After this, although the stiffness of the limb persisted for 6-8 weeks, the
hyperreflexia disappeared. About 10 days after injection, electromyograms of the injected muscle recorded spontaneous fibrillation potentials
which were unchanged on section of the nerve. Pharmacological investi
gation of such fibrillating muscles demonstrated that their behavior was
comparable to that of muscles which had been surgically denervated.
These workers therefore suggested that tetanus toxin has a dual action,
the central action occurring first, followed by a local neuromuscular
blocking action at the injected muscle. Again, of course, since these ex
periments were conducted in vivo, it is not possible to overlook the possi
bility that the apparent local effects result from the reflex hyperactivity
itself having an effect on the muscle comparable to denervation (see Muchnik and Rubinstein, 1967).
Muchnik and Rubinstein (1967) carried out experiments on local teta
nus both in vivo and using in vitro nerve-muscle preparations. They found
that with rat phrenic-hemidiaphragm preparations, tetanus toxin blocked
the mechanical response of the muscle to stimulation of its nerve V2-3
hours after it was added to the bath. They did not record the response of
the muscle to direct stimulation and hence could not distinguish between
an action of the toxin on neuromuscular transmission, an action on
excitation-contraction coupling, and an action on the contractile mecha
nism of the muscle itself. [A similar experiment was attempted by van
Heyningen and Parsons (1960 unpublished) who used the more suscepti
ble guinea pig and found that under conditions where botulinum toxin
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blocked neuromuscular transmission, tetanus toxin —even at 5 million
mouse LD 5/ml
0 — did not affect it.] With the rat sciatic-gastrocnemius
preparation in situ, Muchnik and Rubinstein (1967) found that 2 hours
after intravenous injection of toxin, fusion of contractions of the muscle in
response to repetitive stimulation of the nerve was produced at a lower
stimulus frequency. They concluded that the toxin interfered directly with
the contractile mechanism in the muscle.
They also carried out some interesting experiments in vivo in which
they observed the effect on muscle activity of long periods of repeated
stimulation of the sciatic nerve. They found that after 48 hours of such
stimulation, the muscle behaved similarly to a muscle in local tetanus.
This behavior usually lasted for a week before the muscle returned to
normal. They suggested, therefore, that the local tetanus hyperreactivity
is comparable to classic post-tetanic potentiation and is hence secondary
to the repeated high frequency motoneuron firing resulting from the cen
tral action of tetanus toxin. They noted that fibrillation potentials such as
were recorded by Prabhu and Oester (1962) could be reproduced in these
experiments with repeated nerve stimulation.
Although Muchnik and Rubinstein make frequent mention of the possi
bility of an action of tetanus toxin on neuromuscular transmission compa
rable to the action of botulinum toxin, they advance no specific evidence
in support of such an action and favor the view that the toxin affects the
muscle directly.
Recent work on goldfish has produced evidence for an action of tetanus
toxin on neuro-muscular transmission (Diamond and Mellanby,
1970). Injection of toxin into goldfish produces an apparently flaccid
paralysis. Both in vivo, and in nerve-muscle preparations from the
goldfish exposed to toxin in vitro, toxin appeared to block neuromuscular
transmission while leaving the response to direct electrical stimulation
of the muscle less affected. In addition, the toxin sometimes increased
the time taken for the muscle to relax after both types of stimulation.
These observations, still in a preliminary stage, may also be considered
with the claim of Zacks and Sheff (1968) that intramuscularly injected tet
anus toxin is localized in the sarco-tubular system of the muscles. This
system is believed to be involved in the pumping of calcium ions away
from the vicinity of the myofibrils and hence in bringing about the relaxa
tion of muscle fibers. Unfortunately, however, this electron microscopic
localization by Zacks and Sheff was carried out with very impure tetanus
toxin and impure labeled antibody, and hence the specificity of the locali
zation may be questioned. In goldfish in the terminal stages of tetanus in
toxication, no effect on either inhibition or excitation in the central ner
vous system could be observed (Diamond and Mellanby, 1970). It ap-
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pears, therefore, that in goldfish the peripheral actions of tetanus toxin
are manifested alone, and the fish is therefore a particularly suitable ani
mal in which to study them.
In conclusion, it appears that tetanus toxin may have a peripheral effect
both at muscles with a cholinergic parasympathetic nerve supply
(Ambache et al, 1948a,b; Mellanby et al, 1968b) and at skeletal muscles.
There may be two different actions of tetanus toxin on muscles, first,
blocking neuromuscular transmission (though whether this is a pre- or a
postsynaptic action is not yet known), and second, in some way interfer
ing with the relaxation mechanism in muscle. Botulinum toxin blocks
transmission at many cholinergic junctions by a presynaptic action and
tetanus toxin may well have a similar action.
4.

INVOLVEMENT OF THE SYMPATHETIC NERVOUS SYSTEM IN
TETANUS

Kerr et al. (1968) have studied 82 case histories of tetanus, 44 of whom
were treated by tracheostemy, curarization, and intermittent positive
pressure ventilation (ippv). It was found that among these 44 patients,
several developed a characteristic syndrome which included labile hyper
tension and tachycardia, peripheral vasoconstriction, profuse sweating,
pyrexia, and increased urinary catecholamine excretion. These authors
say that this syndrome, which has been regularly observed in patients
with severe tetanus, has not been observed in patients receiving longcontinued ippv for other paralyzing diseases, nor during therapeutic cur
arization for other reasons. They suggest that it is possible to explain
these symptoms on the basis of a continuously fluctuating overactivity of
the sympathetic nervous system. These workers have found that this syn
drome is particularly dangerous to the patient involved and frequently
appears to be the cause of death.
This apparent involvement of the sympathetic system could be brought
about by an interference by the toxin with parasympathetic cholinergic
transmission (cf. sphincter pupillae, above), which would upset the
cholinergic/adrenergic balance. The increased catecholamine excretion in
tetanus may simply be an indication of the "stressful" situation of the pa
tient. However, these clinical observations could indicate a direct action
of the toxin in the central nervous system to produce sympathetic overac
tivity.
VII.

Immunology a n d Immunochemistry

Tetanus and diphtheria antitoxins were the first antibodies to be clearly
demonstrated. In the issue of 4 December 1890 of the Deutsche medizinische Wochenshrift, von Behring and Kitasato (1890) announced that the
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serum of rabbits and mice that had been "immunized against tetanus" had
the property of rendering innocuous the toxic substance produced by the
tetanus bacillus. This property of the serum was so durable that it re
mained active when the serum from an immunized animal was transferred
to a nonimmunized animal. In a footnote, von Behring used for the first
time the word antitoxisch (and antifermentativ). (There is some mystery
about how von Behring immunized his animals against tetanus toxin. He
could hardly have used sublethal doses of toxic filtrate, because the toxic
ity of the toxin is such that a lethal dose of toxin would contain a negligible
and entirely ineffective amount of antigen, see below.)
The toxoiding of tetanus toxin with formaldehyde was discovered by
Loewenstein (1909) and purified tetanus toxoid is now prepared either by
toxoiding purified toxin (e.g., Murphy, 1967) or by purifying toxoid from
formaldehyde-treated crude toxin (Pillemer, 1946; Largier and Joubert,
1956; W. C. Latham et al., 1965). Toxoid is more stable than toxin, and
therefore there is possibly some advantage in purifying toxoid rather than
toxoiding purified toxin. However the advantage of toxoiding purified
toxin is that the toxic property of the toxin may be used in assaying and
identifying fractions during the process of purification.
During the toxoiding process, the antigenic molecules may undergo
polymerization. With increasing concentration of formaldehyde, and
with increasing concentration of protein, the degree of polymerization in
creases (Murphy, 1967). Toxoid prepared at a 1% concentration of pro
tein had a sedimentation constant of 110 S, whereas with 0.05% protein
a major component of 7.1 S and a minor component of 10.1 S were ob
tained. The value of 110 S obtained from ultracentrifugal studies of
toxoid made with 1 % protein was derived from an asymmetrical sedi
mentation peak, and it is likely, therefore, that even higher polymers
were formed. Material of 110 S corresponds to a polymer roughly 35
times the size of the monomer, i.e., a molecular weight about 2.3 million.
Turpin and Raynaud (1959) showed that tetanus toxin has several anti
genic determinants, with only one of these giving rise to antitoxic anti
body. On digestion of the toxin with crystalline trypsin, the single line that
is observed on immunodiffusion gave place to two lines. Peetom and van
der Veer (1967) confirmed that tetanus toxin contains at least two anti
genic determinants.
Raynaud et al. (1959) found that hyperimmunization with purified tox
oid of a horse not previously vaccinated gave rise to a serum with a high
flocculating potency (with pure toxin), but with low neutralizing potency.
The precipitates obtained with pure toxin and this serum were toxic.
Tsunashima et al. (1964a,b) absorbed antitoxic serum with concentrated
CI. tetani antigens free of tetanus toxin (obtained by growing the organism
in the presence of 1 % glutamate) and obtained a preparation that gave a
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single precipitin line and a single flocculation zone with pure or crude teta
nus toxin.
Unlike the six type-specific botulinum toxins, there is only one im
munologically specific tetanus toxin.
VIII.

Pathogenesis

Tetanus is a disease of wounding, and even the smallest wound must be
regarded as tetanus-prone (Erikson and Ullberg-Olsson, 1967). In the
developing countries in tropical regions in Africa, Asia, and South Ameri
ca, tetanus is among the ten principal causes of death, particularly among
the newborn, as tetanus neonatorum, or umbilical tetanus (Bytchenko,
1967; Veronesi, 1967; Suri, 1967). The incidence of the disease is greatly
reduced when elementary hygiene is introduced (see Ebisawa, 1967). The
case fatality rate is high, ranging throughout the world from 40 to 7 8 %
(Bytchenko, 1966).
The pathogenesis of the disease is simple; the organism has very little
invasive capacity, but it produces a toxin, the potency of which we have
already considered, and this toxin is entirely responsible for all the harm
ful effects of the disease. The disease can be mimicked exactly by inject
ing highly purified sterile toxin into experimental animals. The disease is
one of the very few simple toxinoses, the others being, to the best of our
knowledge, diphtheria (Volume II, Chap. 1) botulism (Volume II, Chap.
2), and perhaps cholera (Volume II, Chap. 6).
Because tetanus is a simple toxinosis, it is entirely preventable by ac
tive immunization against the toxin by means of properly spaced injec
tions of toxoid. It should be noted that, unlike diphtheria, the natural dis
ease of tetanus does not confer immunity. This is because a lethal dose of
tetanus toxin (let alone a sublethal dose) is too small an amount of antigen
to give rise to any immunity (Vakil et al., 1964; McComb private com
munication). It is the policy in most advanced countries now to ac
tively immunize all children and all adults exposed to the risk of tetanus,
such as soldiers and agricultural workers. Tetanus neonatorum can also
be effectively prevented by active immunization of pregnant or potentially
pregnant women. Newell et al. (1967) showed that two or more injections
of tetanus toxoid given to women (in South America) older than 14 years
protects for 5 years any infants born to them. Similar results were ob
tained by Schofield (1967) in Ethiopia.
The recommended immunization procedure with toxoid (Eckmann,
1967) consists of a primary dose, followed by a secondary dose after 6
weeks, and by a booster dose after 6 months, and, if possible, further
booster doses after that. However, in the difficult conditions prevailing in
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many of the developing countries, where the incidence of tetanus is high,
it would be desirable to limit these injections to one. Merieux and Triau
(1967) in Africa have shown that a single dose of concentrated toxoid in
jected with a Dermo Jet produced adequate levels within 10 weeks. Veronesi et al. (1966) in South America, using a single dose of toxoid with a
"special adjuvant 65," conferred a high degree of immunity in individuals,
even when no antitoxin was detectable in their serum.
Once tetanus has been contracted, it is unlikely that antitoxin will have
any therapeutic value, but it may have some prophylactic value against
toxin that has not yet been fixed to its susceptible substance. The Interna
tional Conference on Tetanus (Eckmann, 1967) recommended the use of
tetanus immune globulin of human origin to avoid the dangers accompa
nying the use of heterologous serum. Mellanby et al. (1968a) have sug
gested the possibility of using ganglioside or ganglioside-cerebroside
complex in the early treatment of suspected tetanus.
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