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I . I n t r o d u c t i o n 

Among the problems of the prevention and treatment of diseases pro
duced in man by the pathogenic Clostridia, gas gangrene occupies an im
portant place. The causative agent of this disease was discovered at the 
end of the last century (Achalme, 1891; Welch and Nutall, 1892), and 
subsequently it has been the object of intensive study. 

Adequate reviews of the literature on the questions of the etiology, 
pathogenesis, clinical aspects, and treatment of gas gangrene can be found 
in numerous monographs and articles (Zeissler, 1928, 1930; Zeissler et 
al, 1960; Burdenko, 1933; Weinberg et al, 1937; Arapov, 1942, 1950; 
Oakley, 1943, 1954b; MacLennan, 1943, 1962; Tsekhnovitser, 1944; 
Matveev et al, 1949; L. D. S. Smith, 1955; Prevot, 1955; and others). 

Unfortunately, many aspects of the pathogenesis of gas gangrene re
main unelucidated, and the only effective treatment in the therapeutic ar
senal appears to be surgical intervention. The problem of the specific pro
phylaxis of gas gangrene, in contrast to the successful prophylaxis of 
other diseases produced by bacterial exotoxins, remains virtually un
solved. The question arises as to what special difficulties are involved in 
the prophylaxis and treatment of gas gangrene compared to other diseases 

*Translated from the Russian by Robert E. Asnis . 
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produced by pathogenic Clostridia. To give an exhaustive answer to this 
question at the present time is not possible. It is only possible to say that 
the difficulty of the problem is due to a number of factors, among which 
the unusual structural and functional peculiarities of the toxin produced 
by Clostridium perfringens (including the multiplicity of the antigenic 
components and the enzymatic nature of many of them) may have a spe
cial importance. From this it follows that the solution of the complex 
problem of the prophylaxis and treatment of gas gangrene requires the 
combined efforts of immunologists, physicians, and biochemists. 

It is necessary to consider the behavior of CI. perfringens in the whole 
animal, not only in connection with the possibility of toxin production and 
the biochemical activity of the enzymes present, but also, as van Hey
ningen (1958) has proposed, in connection with the responses of the in
fected host tissues. These reactions may involve a profound change in 
normal metabolism as influenced by the microorganism and its toxin. 

From this view, it becomes clearer why all practical measures used in 
the treatment of gas gangrene have had so little effect and why the only 
effective method appears to be surgical intervention. The problem of ac
tive immunization against gas gangrene is also significantly complicated 
by the fact that it is necessary to produce a strong antitoxic immunity and 
to obtain antibodies against enzymes, which, as a rule, are weak antigens. 
Among these enzymes, the lethal factor of the toxin —the lecithinase —has 
a complex biological effect, involving a combination of enzymatic, lethal, 
and hemolytic activities. Up to the present time the carriers of these activ
ities have not been separated, and the importance of developing an im
munity against them has not been established. 

The toxin of CI. perfringens has been under study for almost 50 years, 
and new discoveries have been made gradually. The introduction into 
protein biochemistry of modern methods of investigation has permitted 
the obtention of new data on this toxin —the isolation of separate compo
nents, the demonstration of the relation of structure to biological function, 
and pharmacological and anatomicopathological effects. The combined 
efforts of biochemists and immunologists should be directed to a more 
thorough study of toxigenesis, the development and perfection of new 
methods of detoxification, the use of new methods for the separation and 
purification of biologically active proteins, the study of CI. perfringens 
metabolism as cultured on artificial nutrient media and as occurring in in
fected tissues, and, finally, a study of the structural and functional pecul
iarities of the separate components of the toxin. With such study, we 
should come closer to the solution of the problem of the treatment of gas 
gangrene patients and, especially, the problem of gas gangrene prophylaxis. 
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I I . N a t u r e o f t h e T o x i n 

Clostridium perfringens toxin is a rapidly acting protein of moderate 
potency (Pappenheimer, 1947; Bernheimer, 1948), and its toxic activity is 
markedly lower than the activity of tetanus and diphtheria toxins and the 
various types of botulinus toxin (van Heyningen, 1950). According to the 
data of van Heyningen (1958), the content of toxic protein in a liter of the 
most potent toxin preparation does not exceed 1-100 mg. In some prepa
rations of CI. perfringens toxin, the concentration of the toxic protein is 
so low that it is virtually impossible to determine quantitatively, and its 
presence can only be determined by its catalytic lecithinase activity (Ispo-
latovskaya et al., 1962). Clostridium perfringens toxin is a complex of 
antigens; a significant number of these antigens appear to be enzymes. 
Table I shows the antigenic components of the toxin of Type A CI. per
fringens. 

As can be seen in Table I, serological type A CI. perfringens, which 
produces gas gangrene in man, is characterized by the presence of 12 anti
gens, 5 of which definitely appear to be enzymes. The table does not in
clude neuraminidase, the presence of which was demonstrated in toxic 
filtrates by Haberman (1960a). This enzyme inhibits the receptor function 
of cells of the host organism. According to Reed et al, (1943), some 
strains of CI. perfringens produce a fibrinolysin, which cannot be neutral
ized by the specific antiserum for CI. perfringens. 

Ganley et al. (1955) discovered, in the culture fluid of CI. perfringens, a 
"circulation factor" which inhibited phagocytosis and was antigenically 

T A B L E I 

C O M P O N E N T S OF T H E T O X I N OF T Y P E A CI. perfringens' 

Component Biological activity Biochemical nature 

Alpha 
Beta 
Gamma 
Delta 
Epsilon 
Eta 
Theta 
Iota 
Kappa 
Lambda 
Mu 
N u 

Hemolytic , histotoxic, lethal 
Histotoxic, lethal 
Lethal 
Hemolytic , lethal 
Histotoxic, lethal 
Lethal 
Hemolyt ic , histotoxic, lethal 
Histotoxic, lethal 
Histotoxic, lethal? 
Histotoxic?, lethal? 
Lethal? 
Lethal? 

Lecithinase 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Collagenase 
Proteinase 
Hyaluronidase 
D N a s e 

°Formulated from data of MacLennan, 1962. 
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different from all the known components of the toxin. However, the inde
pendent existence of this factor has been questioned (MacLennan, 1962). 
Also of interest is the "bursting factor" (Fredette and Frappier, 1946). 
This factor was found in young nontoxic cultures of CI. perfringens, and it 
can produce a severe but transitory edema following its intramuscular 
injection in experimental animals; it also increases the invasive capacity 
of washed CI. perfringens cells. The chemical nature of the bursting factor 
is unknown. Fredette et al. (1962) attribute great importance to it in the 
pathogenesis of infections produced by CI. perfringens and believe that it 
plays a triggering role in the development of the infectious process. 

Since the exotoxin of CI. perfringens is complex, it has long been a 
model for study in the fields of medicine, biology, and biochemistry. In 
spite of this, many questions related to the complicated mechanism of ac
tion of the toxin still remain unanswered. 

I I I . P r o d u c t i o n o f Clostridium perfringens T o x i n 

The composition of the nutrient medium strongly influences growth and 
toxin production of this organism. A number of authors have shown that 
the cultivation of CI. perfringens on medium containing pieces of meat or 
meat extract promoted production of lecithinase but not 6-hemolysin 
(Adams and Hendee, 1945; Logan et al., 1945; Adams et al, 1947; Roth 
and Pillemer, 1953, 1955; Roberts, 1957). 

The importance of nitrogen sources has been emphasized by Grinev et 
al, (1935), Rogers and Knight (1946), Votyakov (1950), Ivanov and Vol-
chok (1953), and others. According to the data of Adams et al (1947), the 
potency of the toxin obtained depends on the presence in the medium of 
certain substances contained in enzymatic hydrolyzates of casein and gel
atin and also in pancreatic extracts. The latter authors also assign special 
importance to the presence of glycerophosphorylcholine and dextrin in 
the medium. Since glycerophosphorylcholine is a choline product derived 
from specific cleavage of lecithin, the data of Adams et al (1947), may 
indicate the possibility of the adaptive (induced) production of lecithinase. 
However, earlier attempts to increase the production of toxin by repeated 
passage of CI. perfringens in Hall's brain medium rich in lecithin (Turner 
et al. 1942), were unsuccessful. 

In contrast to this, Nechaevskaya (1955) and Cherkas (1958a), ob
tained an increase in lecithinase activity of CI perfringens toxin by the 
addition of egg yolk to the nutrient medium. According to the data of 
Maiorova et al (1965), the process of cell division and toxin production 
by a toxic strain of CI. perfringens was accompanied by a marked reduc
tion in the content of phospholipids in the medium, whereas during the 
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cultivation of a weakly toxic strain there was an increase in phospholipids 
in the medium. It is possible that the high consumption of phospholipids 
may be directly related to toxin production by inducing the production of 
lecithinase in the presence of lecithin-related substrates. The solution to 
the question of whether induced production of enzymes occurs by adapta
tion of bacterial cells to a complex nutrient medium containing specific 
substrate definitely requires further study. 

It is well known that CI. perfringens requires many amino acids, carbo
hydrates, salts, and vitamins for growth, and that this microorganism is 
sensitive to the pH and temperature of its culture medium. (Boyd et al.y 
1948; Fuchsand Bonde, 1957a,b; Roth and Pillemer, 1953,1955.) Pozer-
ski and Guelin (1939) showed that cystine, tyrosine, glycine, and arginine 
accelerated the growth of CI. perfringens, but that the toxin production 
was stimulated by arginine exclusively and was further increased by histi
dine and tryptophan. Samarina (1953) proposed the existence of a direct 
relationship between toxin production and a decrease in the glutamic acid 
and arginine concentrations in the medium. Murata et al. (1965) also 
showed the presence of arginine to be essential for toxin production by 
CI. perfringens. All the above-cited authors agree that toxin production is 
stimulated by arginine. 

Certain amino acids have an opposite effect on toxin production. Ac
cording to the data of Gooder and Gering (1954), the greatest inhibitory 
effect is produced by cystine followed, in descending order, by cysteine 
and valine. Compared with toxin produced in the absence of these amino 
acids, which had a potency of 500 LD5 ( ), the toxin produced in the pres
ence of 1.5 X 10~

3
 M cystine had a potency less than 10 L D 5 0; that pro

duced in the presence of 1.5 x 10~
3
 M cysteine, 315 L D 5 0; and that pro

duced in the presence of 1.5 x 10"
3
 M valine, 375 LD5 0. 

The oxidation-reduction potential influences growth and toxin 
production of CI. perfringens (Kligler and Guggenheim, 1938; Hanke and 
Bailey, 1945; Lip-schitz, 1950; Rabotnova et al., 1955; Barnes and In
gram, 1956) as do carbohydrates; glucose, in particular (M. Macfarlane 
and Knight, 1941; Gale and van Heyningen, 1942). Adams et al. (1947), 
Zakharina and Baskina (1952), Vyshepan et al. (1953) recommend, as a 
source of carbohydrate for the cultivation of CI. perfringens, not glucose 
but dextran or starch. Colburn (1963) found that CI. perfringens cells uti
lized

 1 4
C-labeled glucose in the medium to synthesize aspartic acid, methi

onine, and alanine and also components of the nucleic acids, ribose, pu
rines, and pyrimidines. This fact was proved by the presence of

 1 4
C 

label in all these substances. 
Dombos and Illenyi (1943), found that the addition of p-aminobenzoic 

acid produced only a negligible increase in the toxicity of cultures of CI. 
perfringens. According to the data of a number of authors, an increase in 
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the content of iron inhibited toxin production (Pappenheimer and Shas-
kan, 1944; Adams and Hendee, 1945; van Heyningen, 1948). In the ex
periments of the latter author, removal of iron by its adsorption on cal
cium phosphate suppressed toxin production, but the toxin production 
could be restored to an optimal level by the addition of iron in a concen
tration of 1 mg/liter. 

Information is available on the possibilities of obtaining toxin by the 
cultivation of CI. perfringens on synthetic and semisynthetic media (Rob
erts, 1957). According to Jayko and Lichstein (1959), CI. perfringens 
produces toxin on a medium containing peptides and amino acids, 
whereas on media containing only amino acids no production of toxin 
occurs. Murata et al. (1956, 1958) have shown that the addition of 1% 
peptone or peptone derivatives greatly increased the growth and toxin 
production of CI. perfringens (the potency of the toxin reached a value 
of 750-900 LD5 0/ml). These authors isolated a substance from dialyzates 
of papain digests of meat and peptone which stimulated toxin production 
and they suggest that this substance is a peptide structure. 

The addition of a combination of vitamins, zinc, and magnesium to the 
medium stimulates toxin production. Ivanov and Volchok (1953) have 
shown that cobalt also stimulated toxin production. Comparatively re
cently, Murata et al. (1965), reported on the possibility of obtaining toxin 
by CI. perfringens cultivation on a synthetic medium consisting of 19 
amino acids, vitamins, and trace elements. These authors were the first to 
use fructose as a carbohydrate source. It was observed that toxin produc
tion was increased by the addition to the nutrient medium of arginine (10 
mg/ml, or more) and was decreased in the presence of cystine (0.1 mg/ml, 
or more). Zinc and magnesium had no influence on the growth of the bac
teria but increased toxin production. An excess of manganese or of iron 
had a suppressive effect on toxin production. None of the bivalent metals 
investigated compensated for the absence of zinc. 

An analysis of the available literature shows that up to the present time 
there is no unanimity of opinion regarding the composition of the nutrient 
medium, and especially the carbohydrate source that should be used (glu
cose, dextran, fructose, etc.). To resolve this question is actually difficult, 
since the widely used meat and casein hydrolyzates are not standardized, 
and growth and toxin production of CI. perfringens are not determined by 
the same factors. One need only recall here the work of Gooder and 
Gering (1954), in which the addition to the medium of cystine alone 
caused a fiftyfold reduction in toxin production. 

Obviously, the only accurate and comprehensive method of establish
ing the natural nutritional requirements of CI. perfringens is the culti-
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vation of the bacteria on synthetic media containing a limited number 
of known pure components. It is impossible not to agree with the opinion 
of Murata et al (1965), that the nutrient medium he recommends can 
prove useful in biochemical studies of the mechanism of the biosynthesis 
and secretion of the toxin. 

A. PRODUCTION OF TOXIN COMPONENTS IN THE MEDIUM 

The production of toxin components of CI. perfringens depends upon 
the conditions of cultivation of the bacteria and the constituents of the 
nutrient medium (A. W. Turner et al, 1942; Evans, 1945; Rogers, 
1946a,b; Gordon etal, 1954; Hayashiand Kornberg, 1954). 

Gale and van Heyningen (1942) showed that production of the a- and 
^-hemolysins of CI. perfringens was maximal within 4-5 hours after the 
growth of the bacterium. According to the data of Yaroshenko (1953, 
1959), production of CI. perfringens hemotoxin by strains SR 12 and 235 
is determined to a significant degree by the constituents of the nutrient 
medium. The appearance of this toxin was observed within 4 hours, and 
the maximal production was reached after 8 hours of bacterial growth. 
The greatest production of the a-toxin occurred on meat-peptone 
bouillon containing 0.15% agar. The addition to the medium of 0.5 % glu
cose stimulated production of lecithinase and hyaluronidase. 

Ispolatovskaya et al. (1965a), studied the dynamics of production of lec
ithinase, collagenase, hyaluronidase, and hemolysin in four strains of CI. 
perfringens: B P 6K (highly toxigenic), 235 and SR 12 (toxigenic), and 
2836 (weakly toxigenic). These strains were grown on a medium con
taining casein hydrolyzate with 0.5 % glucose. For strain B P 6K, the max
imal lethal and lecithinase activities were noted within 5-9 hours after 
inoculation, and this activity decreased after 12 hours of growth. In this 
period of growth the maximal hyaluronidase, collagenase, and hemolytic 
activities of the toxin were observed. The time of production of these 
components of the toxin were identical for strains SR 12, 235, and 2836. 
It was shown that for chemical and immunological studies it was best to 
collect the toxin after 6-9 hours of growth, since in this period of growth 
all the components possess maximal biological activity. 

Van Heyningen (1941b) was the first to note an absence of summation 
of the hemolytic effects of the a- and ^-hemolysins. In experiments car
ried out by Ispolatovskaya et al. (1965a), a discrepancy between the sum 
of the hemolytic activity of the combined hemolysins (a and 6) and the 
hemolytic activities of a- and ^-hemolysin determined separately was 
also evident. 

In the course of work with erythrocytes of different animal species, it 
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was found that the hemolytic activity of the toxins of different strains as 
determined by their lysis of sheep erythrocytes did not always correlate 
with the time (usually it was in advance of it) of maximal lethal activity. 
This was in agreement with observations in animals injected with lethal 
doses of a culture of CI. perfringens in which significant changes in the 
blood occurred very early (4-5 hours after the injection of the bacterial 
culture) —hematuria, a reduction in the quantity of hemoglobin and in the 
number of erythrocytes, and an increase in the erythrocyte sedimentation 
rate (Ispolatovskaya et al., 1965a). In all experiments, maximal toxin 
production occurred in the period of active cell division. 

B . TOXIN COMPONENTS IN BACTERIAL CELLS 

Observation of the growth of the bacteria and determinations of toxin 
content in various growth phases showed that liberation of CI. perfringens 
toxin was not related to lysis of the bacterial cells and that it occurred 
during the exponential growth phase of the bacteria (van Heyningen, 
1950; Raynaud et al, 1955). The literature is in disagreement regarding 
the possibility of detecting lecithinase in the bacterial cell; only a few 
contradictory data are available. Raynaud et al (1955), did not detect any 
lecithinase in extracts of cells of CI. perfringens obtained in the period of 
active toxin production. Meisel et al (1959a,b), however, showed that 
young vegetative cells of CI. perfringens obtained after IV2 hours of 
growth contained lecithinase, which, at that time, was virtually absent 
from the culture fluid. In nutrient medium without glucose, the content of 
intracellular lecithinase increased. The authors cited above believe that 
cells which are multiplying in a medium containing glucose liberate intra
cellular enzymes more readily. Regardless of the composition of the nu
trient medium, the spores of CI. perfringens were rich in lecithinase. 
These same authors successfully extracted the intracellular enzyme by 
mechanical shaking and disruption of the cells and spores of CI perfrin
gens. Ispolatovskaya et al (1965b), also detected lecithinase in the cells 
of the B P 6K strain of CI. perfringens. The activity of the intracellular 
enzyme was low. Shemanova et al. (1967), did not find lecithinase in CI. 
perfringens cells. 

Opinion is also divided regarding the presence of hyaluronidase in the 
cells of CI perfringens. Meyer et al. (1940), and Zelevinskaya et al 
(1946), did not detect this enzyme in extracts of disrupted cells of CI. per
fringens. However, Meisel et al. (1963), by mechanical disruption of the 
cells from 1-hour cultures of the B P 6K and Lichein strains of CI. perfrin
gens obtained extracts containing significant quantities of hyaluronidase. 
In the opinion of these authors, the previous unsuccessful attempts to 
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detect intracellular hyalyronidase could be explained by an incorrect 
choice of the strains studied (Meyer et al. (1940), and by failure to disrupt 
the cells by shaking with glass beads for a long enough period of time (Ze-
levinskaya et al., 1946). Experiments by Ispolatovskaya et al. (1965b) 
also showed the presence of hyaluronidase in the bacterial cells of CI. per
fringens in 3-, 6-, and 9-hour-old cultures. Here, in contrast to the data of 
Meisel et al. (1963), the activity of the intracellular hyaluronidase was 
very slight. 

There have been only a few reports of the presence of a collagenase 
obtained from mechanically disrupted cells and spores of CI. perfringens 
(Meisel et al. 1959b; Ispolatovskaya et al., 1965b). The contradictory 
findings of various authors regarding the question of the presence of intra
cellular enzymes can be attributed to a number of factors. For example, 
the absence of intracellular lecithinase in the experiments of Raynaud et 
al. (1955), the presence of large amounts of lecithinase in experiments of 
Meisel et al. (1959a), and of small amounts of lecithinase in the experi
ments of Ispolatovskaya et al. (1965b), can be explained by the composi
tion of the nutrient media, by the different strains of CI. perfringens stud
ied, and by the different rates of diffusion of the toxin from the cells as 
influenced by some unknown factor. This problem is undoubtedly of great 
importance, and its clarification will require further studies in connection 
with the investigation of such general biological questions as cellular per
meability and biosynthesis and localization of enzymes of the toxic com
plex and their secretion into the surrounding medium. 

I V . T o x i n P u r i f i c a t i o n 

The difficulties involved in the purification of CI. perfringens toxin, as 
in the purification of other biologically active proteins, are attributable to 
the necessity of extracting from a complex protein mixture very small 
amounts of a specific protein that is sensitive to variations in pH and tem
perature, to the nature and quantity of the salts present, and to changes in 
the concentration of the associated proteins. Purified CI. perfringens 
toxins were first obtained by Henry and Lacey (1920), and later by van 
Heyningen (1941b, 1948) and Adams and Hendee (1945). The above-
cited authors employed for this purpose the most widely used methods of 
protein chemistry— e.g., salt fractionation, precipitation by organic sol
vents, absorption, and elution. 

Penfold et al. (1941), used acid precipitation at the isoelectric point for 
purification of CI. perfringens toxoid. Roth and Pillemer (1953), used 
acid precipitation combined with fractionation with organic solvents 
for the purification of CI. perfringens toxins. A 130-fold purification 
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and the first chemical separation of the a- and ^-hemolysins were thereby 
achieved. The final preparation proved highly lethal with a constant 
Lb/MLD ratio (Lb = Limes binding), indicating that the a-toxin was re
sponsible for the lethal properties of the whole toxic complex. It was 
shown in the process of purification that lethality and hemolytic and leci
thinase activities were associated with the same protein. These data fur
ther confirmed the opinions regarding the complexity and inseparability 
of the lethal, hemolytic, and lecithinase activities of the a-toxin expressed 
by Glenny et al. (1933), Palant and Chertkova (1948) and MacLennan 
(1953, 1962). 

The method of acid precipitation in isoelectric region has been used for 
the purification of toxoids of the pathogenic Clostridia by Blagovesh-
chenskii et al. (1956), Ispolatovskaya (1957), Blagoveshchenskii and Is
polatovskaya (1958), Marmalevskaya (1959), Ispolatovskaya et al. 
(1959), Blagovoshchenskii and Maiorova (1960), Matveev et al. (1960), 
and others. As a control for the purity of the preparations, electrophoresis 
and agar precipitation (Ispolatovskaya et al, 1959; Ispolatovskaya and 
Marmalevskaya, 1960; and others) were used. 

A combination of precipitation by organic solvents, electrophoresis, 
and chromatography on hydroxyapatite has made possible a separation of 
the toxin of CI. perfringens into separate components —lecithinase, colla
genase, hyaluronidase, and ^-hemolysin (Haberman, 1958, 1959). Ac
cording to the conclusions of the latter author, the a-toxin could not be 
quantitatively separated from ^-hemolysin and both components were 
reciprocally contaminated. The a-toxin and the lecithinase were asso
ciated with the same protein, a fact previously indicated by the simulta
neous decrease in general toxicity and lecithinase and hemolytic activity 
when the toxin was stored in the cold. The difficulty of separating the leci
thinase from the ^-hemolysin has been emphasized by Ellner (1961). 

Stephen (1961) used the methods of ultrafiltration under pressure and 
electrophoresis on ethanol cellulose. In spite of prolonged electrophoresis 
(18 hours) at a voltage of 1000 V and a current strength of 78 mA, the 
yield of active components was high and amounted to 90-95% for the a-
toxin and 70-75 for the hyaluronidase. With the methods described 
above, no separation of the collagenase and the hyaluronidase was 
achieved. Immunoelectrophoretic experiments showed that the a-toxin 
was contaminated with other antigens. Following immunoelectrophoresis 
of the native toxin, nine antigenic components were detected. The puri
fied toxin contained only one immunological component with a low 
lecithinase activity. Just as in the experiments of Haberman (1958, 1959), 
the lecithinase, lethal, and hemolytic activities of the a-toxin were 
virtually inseparable. 
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In the last decade, a combination of chemical and physicochemical 
methods have been used in the Soviet Union for the purpose of obtaining 
maximally purified toxins and toxoids of CI. perfringens. Khaustova and 
Ugleva (1962) used precipitation with sodium hexametaphosphate for 
toxin purification and obtained preparations with an activity of 620-700 ± 
275 Lf/mg of total nitrogen. Ispolatovskaya and Levdikova (1960, 1963) 
used starch block electrophoresis and chromatography on ion exchangers 
with a cellulose base for the separation of the lecithinase, collagenase, and 
hyaluronidase of CI. perfringens. Here use was made of the different ad
sorption properties of lecithinase, collagenase, and hyaluronidase on 
DEAE and ECTEOLA celluloses. With adsorption from 0.05 M acetate 
buffer at pH 5.6, the collagenase was most firmly adsorbed on the ion 
exchanger, the hyaluronidase was less firmly adsorbed, and the leci
thinase was virtually unadsorbed and remained in solution. Elution of the 
adsorbed enzymes with a buffer of progressively increasing ionic strength 
(0.1-0.4 M) made it possible to obtain enzyme-containing fractions in 
relatively large quantities. All these fractions were partially contam
inated one with the other and required further purification. Additional 
purification of the lecithinase was carried out by precipitation with ammo
nium sulfate and organic solvents, and also by chromatography on DEAE 
and carboxymethylcellulose (on columns with gradient elution of the pro
teins). During the process of purification the specific activity of the leci
thinase was checked and the presence of the associated components of 
the toxin (collagenase, hyalurinidase, and ^-hemolysin) was determined 
(Ispolatovskaya et al, 1962; Ispolatovskaya and Levdikova, 1962). All 
the methods used for the purification proved very useful for freeing the 
lecithinase from the ballast (contaminating, inactive) proteins and assured 
obtention of preparations with a specific activity of 100,000- 1,000,000 
LV/mg (LV = lecithinase activity). An additional purification of lecithin
ase by column chromatography was carried out, and it thereby was pos
sible to free it from pigmented substances. The purity of the preparations 
obtained was checked by diffusion precipitation in agar and immunoelec-
trophoresis, and also by sedimentation in the ultracentrifuge. The process 
of purification resulted in an increase in the specific activity of the lecithin
ase accompanied by a simplification of the antigenic spectrum, so that in
stead of the 6-12 zones of precipitation observed in the studies of the 
native toxin (Ispolatovskaya and Marmalevskaya, 1960), only 2-3 zones 
of precipitation were found (Ispolatovskaya et al., 1962; Ispolatovskaya 
and Levdikova, 1962). None of the preparations studied proved to be 
homogeneous by ultracentrifugation or by serological analysis. Excep
tions to this were lecithinase preparations obtained by chromatography 
on carboxymethylcellulose of lecithinase purified previously with 
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methanol and acetone (Ispolatovskaya and Levdikova, 1960, 1962). 
Serologically homogeneous lecithinase showed less activity than more 
heterogeneous preparations. The greater the purification of the lecithinase 
the greater was its inactivation, and this was especially noticeable in the 
dilute solutions obtained by elution of the protein from the ion exchanger 
during column chromatography (Ispolatovskaya, 1967b). 

V . T o x i n C o m p o n e n t s 

A. a-ToxiN — LECITHINASE C 

This component was first discovered by Uranov (1917) and Bull and 
Pritchett (1917). The enormous interest of investigators in this toxin is 
evidently explained by its complex biological effects, combining biochem
ical, histotoxic, and immunological activities. There is an abundance of 
literature devoted to lecithinase, but many aspects of the behavior of this 
toxic protein still remain unknown. The most intensive studies of the a -
toxin were carried out at the end of the 1930's and the beginning of the 
1940's. Glenny et al (1933), pointed out that a-toxin of CI. perfringens 
has a peculiar multiplicity of biological activities, including a combina
tion of lethal, hemolytic, and dermonecrotic effects. An essential role in 
the determination of the biochemical nature of the lecithinase was played 
by Nagler (1939) and Seiffert (1939), who, independently of one another, 
showed that growth of CI. perfringens on medium containing normal 
human serum, produced a characteristic opalescence. Nagler (1939) 
found that sterile filtrates of CI. perfringens cultures also had the same 
property, and that their capacity to produce an opalescence disappeared 
when they were neutralized with a-antitoxin. This antitoxin at the same 
time suppressed the lethal effect of the toxin, and this suppression paral
leled the suppression of the opalescence. The data obtained permitted the 
conclusion that it was the a-toxin which produced the opalescence in 
normal human serum, and this phenomenon was used for the determina
tion of the activity of CI. perfringens a-toxin, toxoid, and antiserum (Na
gler, 1939). 

An important discovery was the establishment of the enzymatic nature 
of the a-toxin (Macfarlane et al., 1941) and its capacity to produce a spe
cific cleavage of certain chemical substances which were constituents of 
egg yolk lipoproteins (van Heyningen, 1941a). The latter author devel
oped a method for the determination of the activity of the a-toxin on the 
basis of its enzymatic activity with respect to lecithovitelline and showed 
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that the kinetics of the lecithovitelline reaction conformed to the laws for 
natural enzymatic reactions. Since then the activity of a-toxin has been 
identified with the lecithinase activity and has been characterized by sero
logical and enzymatic tests. 

According to the observations of Macfarlane and Knight (1941) 
during incubation of the toxin with lecithin, acid-soluble phosphorus ac
cumulates in the medium. The discovery of this fact made it possible to 
propose a new method for the determination of the activity of the leci
thinase on the basis of the amount of acid-soluble phosphorus split off 
under standard conditions (Macfarlane, 1948a). However, these ob
servations permitted the identification of CI. perfringens a-toxin as leci
thinase C, or, more accurately, phosphatidase (van Heyningen, 1958) and 
the demonstration that it hydrolyzed lecithin at the C bond (*see for
mula) with the production of phosphorylcholine and a diglyceride. 
According to the new nomenclature and classification of enzymes (Braun-
shtein, 1962), lecithinase C has been designated phosphatidylcholine-
phosphatidohydrolase and belongs to the group of hydrolases of phospho-
diesters (3,1,4). 

Lecithinase C exerts a direct hemolytic effect, since it is not activated 
by either lecithin or the cleavage products of the latter compounds (gly-
cerostearateoleate and phosphorylcholine). In this respect it differs from 
snake venom lecithinase A, which has a potent hemolytic effect activated 
by lecithin and cephalin and the products of their hydrolysis (lysolecithin 
and lysocephalin) (van Heyningen, 1958). 

In addition to being found in CI. perfringens, lecithinase has also been 
found in Clostridium oedematiens (Macfarlane, 1948b), Clostridium sor-
dellii (Miles and Miles, 1947), and Clostridium hemolyticum (Macfarlane, 
1948b). Crook (1942) showed that lecithinase activity also was present in 
Clostridium chauvaei, CI. sporogenes, CI. centrosporogenes, and CI. 
tertium. According to the data of Macfarlane (1948b), the lecithinases 
of CI. oedematiens of the A and B types and the lecithinase of CI. hemoly
ticum are immunologically different from that of CI. perfringens. 
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All the above-listed lecithinases have a similar enzymatic activity, but 
they differ in their hemolytic activities. For example, the lecithinases of 
three different strains of CI. sordellii have significantly (9- to 70-fold) less 
toxic and hemolytic activities than the enzymatically similar lecithinase of 
CI. perfringens (Miles and Miles, 1947, 1950). Unfortunately, the nature 
of this interesting phenomenon is still obscure. It has been shown that the 
lecithinase of CI. perfringens and the lecithinase of CI. sordellii have iden
tical immunological specificities. Miles and Miles (1947, 1950) have at
tempted to explain the dissimilar toxic and hemolytic effects of the leci
thinases of these two pathogens on the basis of the stereochemical 
peculiarities of their chemical structures and differing degrees of adsorp
tion on tissue substrates. 

The discovery of the enzymatic nature of the a-toxin led to a detailed 
study of the properties of this enzyme, including in particular, the deter
mination of specific inhibitors and activators of its activity. Macfarlane 
and Knight (1941) showed that a very potent inhibitor of the lecithinase 
was sodium dodecyl sulfate, which, in a concentration of 0.025 M, pro
duced an 80-100% inhibition of enzymatic activity. The optimal activity 
of the lecithinase depends on the nature of the buffer; it occurs between 
pH values of 7.4 and 7.6 (in borate buffer), and down to pH of 6.7 (in a 
bicarbonate-carbon dioxide buffer). 

A number of authors have noted that calcium is required for lecithinase 
activity (Macfarlane and Knight, 1941; Oakley and Warrack, 1941; 
Zamecnik et al., 1947; and others). According to the data of Zamecnik et 
al. (1947), increases in the concentration of calcium chloride up to 0.1 M 
produced activation, but a further increase produced inactivation of the 
enzyme. Similar results were observed with an increase in magnesium 
concentration of 0.0001-0.001 M. Zinc, cobalt, and manganese activated 
lecithinase. Moskowitz, et al. (1956) found that the activity of CI. perfrin
gens lecithinase which had been inactivated with EDTA was not restored 
by the addition of an excess of calcium but that it could be restored by the 
addition of an excess of zinc, cobalt, or manganese ions. These authors 
proposed that calcium stimulated the enzyme but was not essential for its 
activity, whereas zinc, cobalt, or manganese ions were essential. Ac
cording to the data of Macfarlane et al. (1941), copper, strontium, cad
mium, aluminum, bivalent and trivalent iron, and barium inhibit leci
thinase. 

L. Smith and Gardner (1950) showed that lecithinase is comparatively 
thermostable, and can withstand heating at 100° C for 10-15 minutes in a 
sealed ampule, with retention of 45% of its activity. These authors 
found that the lecithinase was rapidly inactivated by keeping it in a thin 
layer, by stirring, or by passing air through it. Apparently, this inactiva-
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tion was the result of a surface denaturation, not oxidation, as shown by 
the stability of the enzyme to treatment with 0.3% solution of hydrogen 
peroxide and its inactivation by the "bubbling" of pure nitrogen through it 
(Smith, 1959). The lecithinase is easily denatured by saline (Macfarlane 
and Knight, 1941), Zamecnik et al. (1947) used albumin to stabilize 
the enzyme. According to the data of Macfarlane and Knight (1941) 
and Zamecnik et al. (1947), the rate of enzymatic hydrolysis depends 
on the concentration of lecithin. The addition of a large amount of 
substrate at the time when the specific reaction has virtually ceased re
newed hydrolysis which proceeded rapidly. In the course of the reaction, 
loss of activity of the enzyme as a result of denaturation was observed. 

Zamecnik et al. (1947), studied the effect of various lipids on leci
thinase. It was shown that 2% phosphorylcholine, oleylstearyl-di-
glyceride, and glycerophosphorycholylcholine (0.06%) had no effect, 
whereas 0.7% phosphatidylserine and phosphatidylethanolamine de
pressed the activity of the enzyme. The authors proposed that this similar 
inhibitory effect was due to the removal of calcium ions, since a subse
quent addition of an excess of calcium chloride again stimulated the reac
tion. 

Smith (1950, 1955) published data regarding the inhibitory effect on 
lecithinase of certain reducing agents, namely, glutathione, cysteine, 
thioglycollic acid, hydrogen sulfide, and bisulfite, and proposed that the 
mechanism of such enzyme inactivation involved a reduction of disulfide 
bonds. Van Heyningen and Bidwell (1948) determined the coefficient of 
diffusion of the partially purified lecithinase as D2{) = 7.41 x 10"

7 

cm
2
/second. 

Meduski and Volkova (1957) determined the molecular weight of leci
thinase by radiation inactivation (gamma rays) and obtained a value of 
106,000 ± 3000. This value lies within the limits of the sensitivity of the 
method used by them. In the course of this determination, the above-cited 
authors observed a significant surface inactivation of lecithinase, and they 
believe that this is the reason for the difficulty in isolating the enzyme in 
pure form. In our studies we also observed an inactivation of lecithinase 
as a result of its dilution in saline (0.85% NaCl), especially as a re
sult of repeated chromatography on carboxymethylcellulose or gel fil
tration through Sephadex (Ispolatovskaya, 1964a, 1967b). Evidently, the 
phenomenon is caused by a particular lability of the purified enzyme to 
dilution which favors surface inactivation. 

Ispolatovskaya and Levdikova (1962) showed that in a number of cases 
lecithinase subjected to a complicated procedure of purification and ly-
ophilization could be separated by chromatography on carboxymeth
ylcellulose into two fractions each having enzymatic activity. When sub-
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jected to electrophoresis by the method of Smithies (1955), lecithinase 
preparations of varying degrees of purity showed an electrophoretic 
heterogeneity. Each fraction, which differed slightly in its electrophoretic 
mobility, had the specific activity of the lecithinase. All the fractions 
showed antigenic activity in the precipitation reaction in agar with im
mune serum for CI. perfringens toxin (Ispolatovskaya, 1964a). The data 
obtained do not exclude the possibility of the existence of lecithinase in 
the form of isozymes or multiple forms of an enzyme with a single enzy
matic activity. 

Obtention of highly purified preparations of lecithinase (Ispolatovskaya 
and Levdikova, 1960; Ispolatovskaya et al., 1961, Ispolatovskaya, 1964a; 
Ispolatovskaya and Levdikova, 1962, 1963) opened up possibilities for 
the investigation of the effects of various chemical compounds on the 
enzyme (Ispolatovskaya, 1964b; Ispolatovskaya and Klimacheva, 1966). 
In contrast to other enzymes of the esterase type, the lecithinase proved 
resistant to the effects of diisopropylfluorophosphate. It was also found to 
be resistant to the effects of thiol poisons (p-chlormercuribenzoate and 
monoiodoacetate), the oxidizing effect of hydrogen peroxide, and low 
concentrations of iodine. The resistance to thiol poisons and the ampero-
metric titration data indicate that the lecithinase is not a sulfhydryl 
enzyme dependent for its activity on sulfhydryl groups (Ispolatovskaya, 
1964b, 1967b). 

It is well known that some exoenzymes of bacteria contain small quan
tities of surfer-containing amino acids. In the opinion of Pollock and Rich
mond (1962) the lability of bacterial exotoxins is attributable to the ab
sence in their molecules of cystine, the disulfide bond of which stabilizes 
the secondary and tertiary structures of proteins. The absence of sulfhy
dryl groups in the lecithinase molecule confirms this point of view 
to a certain degree. However, as was shown by us in further studies 
(Ispolatovskaya and Klimacheva, 1966), all of the highly purified prep
arations of lecithinase contained sulfur, apparently in the form of cys
tine (cystine was detected by the chromatographic analysis of prepara
tions of lecithinase). The presence of cystine in the lecithinase molecule 
may explain its compactness and relative stability on storage. However, 
the high reactivity of the disulfide bonds may prove to be the reason for 
the structural changes in the enzyme upon exposure to certain chemical 
compounds, namely, potassium ferricyanide, thioglycollic acid, and, espe
cially, cysteine (Smith, 1955; Bangham and Dawson, 1962; Ispolatov
skaya, 1964b; Ispolatovskaya and Klimacheva, 1966). When denatured 
with urea or ethylene chlorohydrin, lecithinase retains its enzymatic and 
antigenic activity. Thus, the hydrogen bonds which are essential for the 
activity of diphtheria toxin (Schapiro, 1966) for example, proved un
essential for the activity of the lecithinase. Peculiarities of the structure 
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of lecithinase were also evidenced by the specific effect of cysteine on it. 
It was shown that a gradual inactivation of the lecithinase was produced 
upon exposure to cysteine, accompanied by a change in its biological 
activity (Ispolatovskaya, et al., 1966; Ispolatovskaya and Klimacheva, 
1966). 

In a further study of the functional groups of purified lecithinase, it was 
shown that hydrogen sulfide, EDTA, and o-phenanthroline are very ac
tive inhibitors of this enzyme. When an excess of calcium was added to 
samples of the lecithinase inactivated with these inhibitors, no reactiva
tion was observed. The chelates of calcium and manganese also showed 
an inhibitory effect. Ispolatovskaya, 1967a,b, 1968). The activity of the 
enzyme inactivated by the chelating compounds could be restored by the 
addition of zinc alone. Here, restoration of the activity varied from 6 to 
100%, depending on the inhibitor used. 

For a clarification of the role of calcium in lecithinase activity, Ispola
tovskaya (1967b) investigated the possibility of an interaction of leci
thinase with the substrate in experiments in which, instead of the calcium 
acetate usually added, zinc chloride was added. It thereby was shown that 
the lecithinase did not split the modified substrate. The addition of cal
cium to the enzyme-modified substrate system also did not restore the 
characteristic reaction. This was independent of the order of the addition 
of the metal and the substrate. An essential condition for the normal 
course of the enzymatic reaction was the presence of calcium in the leci-
thovitelline. 

In a further study of the role of zinc and calcium in lecithinase activity, 
the stability of the combination of the enzyme with the substrate and the 
possibility of breaking this combination by the addition of EDTA, or o-
phenanthroline to the system was investigated. The results showed that a 
suppression of the enzymatic reaction could be obtained only when the 
inhibitor reacted with the enzyme before the addition of the substrate. 
This indicated the stability of the enzyme-substrate complex and did not 
exclude the possibility of the participation of calcium in its formation. 
The latter possibility was shown by the stability of this complex to the 
effects of added inhibitors. 

In the investigations of Murata et al. (1958) and Murata et al. (1965), 
it was shown that manganese and zinc stimulated production of toxin. 
Such observations did not exclude the possibility of the incorporation 
of a metal in the molecule of the synthesized enzyme-toxin. For the in
vestigation of this possibility proposed by Ispolatovskaya (1967a,b,c), 
spectral analysis was used. In studies of six preparations of lecithinase 
of differing degrees of purity and activity, the presence of zinc was 
demonstrated by the characteristic principal two extinction bands at 
3345 and 3202A. The presence of zinc was also confirmed by the visual 
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styloscopic method. These data showed that the zinc remained bound to 
the enzyme during purification. 

At present it is not possible to reach a conclusion regarding the nature 
of the binding and the quantitative relationships of the protein and the zinc 
in the lecithinase molecule, since none of the enzyme preparations ob
tained with any of the available methods of purification appeared to be a 
homogeneous protein (80-90% purity). The blocking of the activity of 
highly purified preparations of lecithinase by metal-binding compounds, 
the reactivation of the enzyme by the addition of zinc, and also the results 
of spectral analysis provide a basis for considering the lethal factor of the 
toxin of CI. perfringens, lecithinase C, to be a zinc metalloenzyme (Ispo
latovskaya, 1967a,b,c; Dyatlovitskaya etal, 1967). 

SPECIFICITY OF LECITHINASE 

A number of authors have investigated the substrate specificity of leci
thinase. Zamecnik et al. (1947), found that it hydrolyzed lecithin but did 
not hydrolyze phosphatidylethanolamine, phosphatidylserine, sphingo
myelin, lysolecithin, or cerebrosides. Macfarlane (1942, 1948a) showed 
that in addition to lecithin the lecithinase also hydrolyzed sphingomyelin 
but not cephalin. An essential condition for hydrolysis of the latter sub
stance was a prolonged incubation of large amounts of the enzyme with 
the substrate. 

Turner (1957) and Turner et al. (1958) found differences in the chem
ical nature of the phosphatides present in the cell membranes of different 
animal species. Matsumoto (1961) investigated the constituents of the 
stroma of human and animal erythrocytes and also detected an essential 
difference. Sheep and bovine erythrocytes were poor in lecithin, and 
sphingomyelin was the only choline-containing phospholipid in these 
cells. However, the erythrocytes of the horse, the rabbit, and man were 
richer in lecithin, but were poor in sphingomyelin. The observed differ
ence in the lipid constituents could be the reason for the different rates 
and intensities of hemolysis of the erythrocytes of different animal species 
by the lecithinase of CI. perfringens. Matsumoto (1961) found that leci
thin and sphingomyelin underwent a very active hydrolysis resulting, 
upon chromatographic analysis on paper in 80% phenol as solvent, in a 
single spot with a Rf coefficient = 0.91. In contradiction of the earlier pub
lished data, Macfarlane (1948a) and Zamecnik et al. (1947), Matsumoto 
showed the possibility of the enzymatic cleavage of cephalin, determined 
its Rf value (0.47), and identified the product of hydrolysis as phospho-
rylethanolamine ( C 2H 80 4N P ) . 
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The above-cited data were the first to be published on the splitting of 
cephalin by CI. perfringens toxin. In discussing the results of his studies, 
Matsumoto (1961) noted that in his experiments the splitting of phosphati-
dylethanolamine could not be mediated by the lecithinase, but could be 
mediated by another enzyme present in the toxin complex of CI. perfrin
gens. In subsequent studies Gier et al. (1961) and Bangham and Dawson 
(1962) showed that the enzymatic hydrolysis of phosphatidyl-
ethanolamine by purified CI. perfringens lecithinase occurred only after 
activation of the enzyme by lecithin. 

Dyatlovitskaya et al. (1967) investigated the substrate specificity of the 
lecithinase freed from other components of the CI. perfringens toxin, 
namely, the collagenase, hyaluronidase, DNase, and ^-hemolysin. The 
activity of the lecithinase was determined on the basis of quantity of phos-
phocholine formed by the hydrolytic cleavage of the substrate (Dyatlovit
skaya et al., 1966). It was shown that under the usual conditions a specific 
splitting of phosphatidylethanolamine did not occur. 

Positive results were obtained only with the use of an ultrasonicated 
aqueous suspension of phospholipids in the presence of zinc. Under these 
conditions, the activity of the enzyme was preserved even during pro
longed incubation, and an almost 80% hydrolysis of phosphatidyl
ethanolamine occurred. Thus, by investigations of the substrate speci
ficity of lecithinase, new confirmation was obtained of its metalloprotein 
nature. The importance of the presence of the metal for the activity of the 
lecithinase was emphasized by Ansell and Snanner (1965), who showed 
that the hydrolytic effect of the phospholipase (lecithinase C) of CI. per
fringens on ethanolamine plasmalogen (2-acyl-l-alkenylglycer-
ylphosphorylethanolamine) was completely suppressed by the addition of 
1 pM EDTA. An increase in the calcium content of the system did not 
have any effect on the rate of the specific hydrolysis of phospholipids, 
containing ethanolamine (cephalin). This indicates that another metal 
is essential for the activity of the lecithinase. 

Bangham and Dawson (1962) proposed that since lecithinase was a 
negatively charged enzyme, it might only attack the micelles of phospho
lipids if its molecules were associated with divalent cations, which would 
give the micelles a positive charge. Our experiments (Dyatlovitskaya et 
al. 1967) showed that the size and the shape of the micelles greatly influ
enced the activity of the enzyme. Burley and Kushner (1963) investigated 
the effect of CI. perfringens lecithinase on lipovitellines and other constit
uents of egg yolk. The lecithinase weakly hydrolyzed the lipovitellines, 
but actively hydrolyzed the low-molecular-weight lipoprotein fraction of 
the lecithin. 
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In spite of the many studies devoted to CI. perfringens lecithinase, the 
specific effect of this enzyme in many instances remains unclear. It is not 
known, for example, what specific factors produce the multiple biological 
effects of the lecithinase or whether these effects are produced by a single 
protein of a-toxin or by different prosthetic groups of this protein as 
proposed by MacLennan (1962). An understanding of the hemolytic, 
lethal, dermonoecrotic, and biochemical effects of the lecithinase may 
be provided by studies of the specific effect of the maximally purified 
enzyme on various substrates and of the behavior of this enzyme in the 
tissues of the living organism. An especially useful approach for the 
elucidation of the specific structure of the enzyme and its biological 
functions might be the chemical modification of the molecule for the 
purpose of separating the functional groups responsible for the enzymatic 
and antigenic specificities of the lecithinase. 

B . ^-HEMOLYSIN 

Many strains of CI. perfringens produce a thermolabile hemolysin 
which is destroyed by heating at 60° C for 30 minutes and significantly 
inactivated at 37° C; it is stable in the cold. This hemolysin destroys the 
erythrocytes of man, pig, dog, cow, sheep, horse, mouse, and rat and pro
duces hemolysis (with partial preservation of the stroma) of the erythro
cytes of rabbit, guinea pig, chicken, and pigeon. The hemolysin is readily 
adsorbed on erythrocytes and on filters. Antibodies against this hemol
ysin were detected in the normal serum of man, pig, dog, cow, sheep, 
horse, guinea pig, rabbit, and chicken (Uranov, 1917, 1923). At the same 
time, other investigators found a rapidly acting thermo- and oxygen-labile 
hemolysin in culture filtrates of type A CI. perfringens (Henry, 1922, 
1923; Kojima, 1922; Wuth, 1923; Neil, 1926). Schnayerson and Samuels 
(1930) proposed a medium in which the a- and ^-hemolysins could be 
produced. 

For 30 years the mechanism of the hemolysis caused by the toxin of CI. 
perfringens remained obscure. Important progress in an understanding of 
these questions, and especially in the separation of the specific effects of 
the structural components of the toxin, has been made through the studies 
of Nagler (1939) in Australia and of Seiffert (1939) in Germany. In subse
quent studies Todd (1941) investigated some of the properties of the 6-
hemolysin and showed that the oxygen-labile hemolysin of type A CI. per
fringens was oxidized by atmospheric oxygen and, in addition, lost its ac
tivity as was also observed with pneumococcal hemolysin, streptolysin O, 
and tetanolysin. The ^-hemolysin is hemolytic, histotoxic, and lethal and 
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manifests its activity in the absence of calcium and magnesium; it is inac
tivated by cholesterol. Oxygen-inactivated ^-hemolysin is reactivated by 
such reducing agents as cysteine, thioglycollic acid, and thioacetic acid. 

Van Heyningen (1941b) separated the a- and ^-hemolysins by selective 
adsorption on erythrocytes and showed that their activities were not addi
tive. This author believed that the reason for this phenomenon was the 
fact that these hemolysins acted on different components of the cell 
membrane. 

The ^-hemolysin has a high antigenic specificity and is not neutralized 
by antibodies for the a-toxin. Todd (1941) and Roth and Pillemer (1953) 
suggested that the ^-hemolysin might be enzymatic in nature. Oakley 
(1954a,b) was inclined to believe that ^-hemolysin was a leukocidin. 
Thus, at present, the nature of ^-hemolysin has not been established. 
Muscle tissue does not adsorb ^-hemolysin and suppresses its production. 
For this reason, a number of authors believe that ^-hemolysin has no 
pathogenic significance in gas gangrene (Evans, 1943a,b). 

The a- and ^-hemolysins affect the erythrocytes of different animal spe
cies differently. The a-toxin produces hemolysis of erythrocytes in man, 
sheep, guinea pig, cow, and rabbit but does not lyse erythrocytes in the 
horse. The ^-hemolysin lyses the erythrocytes of all species investigated 
except the mouse (Chertkova, 1945; Altemeier and Furste, 1947; Mac-
farlane, 1950c). Turner (1957) and T u r n e r ^ al. (1958) found a difference 
in the chemical nature of the phosphatides present in the cell membranes 
of different animal species. The characteristics of erythrocyte hemolysis 
in different animal species were used by Brooks et al. (1957) as tests for 
the differentiation of CI. perfringens types. It was shown that ^-hemolysin 
produced its most intense hemolysis on horse blood agar. On beef blood 
agar it produced a weaker hemolysis. The a-hemolysis produced an in
complete hemolysis of beef blood agar and did not lyse the erythrocytes in 
horse blood agar. According to the data of Brooks et al., strains of CI. per
fringens which cause food poisoning in man do not produce the ^-hemol
ysin. 

Although the presence and independent existence of ^-hemolysin in CI. 
perfringens toxin had been demonstrated, until recent years there was no 
agreement regarding its significance for the general hemolytic activity of 
the toxin. Katitch et al. (1960) found that only the lecithinase had a signif
icant lytic effect on erythrocytes. Further investigations on the nature of 
the ^-hemolysin and on the contribution of this antigen to the hemolytic 
effect of type A CI. perfringens toxin obviously requires its separation 
from other components of the toxin and its isolation in a maximally pure 
state. 
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C. HYALURONIDASE 

Hyaluronidase, like other components of the toxin, is isolated from the 
nutrient medium and has been designated /x-toxin (Oakley and Warrack, 
1951). It is assumed that this enzyme is not toxic, but participates in di
rect damage to the tissue in gas gangrene (MacLennan, 1962). The study 
of hyaluronidase must be regarded as having been started by Duran-
Reynals (1928), who found that extracts from rabbit testicles promoted 
the rapid infection of animals with cowpox. The reason for the observed 
phenomenon was unclear to Duran-Reynals. McClean (1931, 1933) 
showed that the increased diffusion of variola vaccine was dependent on a 
factor which was one of the constituents of this testicular extract. Later, 
the diffusion factor (hyaluronidase) was found in the filtrates of cultures of 
CI. perfringens, CI. tetani, CI. paludis, CI. ovitoxicus, CI. oedematiens-
maligni, and CI. oedematiens. The toxin of CI. perfringens had the 
greatest diffusion promoting activity. 

The mechanism of the diffusion promoting activity of testicular ex
tracts and bacterial filtrates became better understood after Meyer and 
Palmer (1936) showed that both of these materials hydrolyzed hyaluronic 
acid, and Mayer and Eberhard (1938) noted a parallelism between diffu
sion promoting activity and capacity to hydrolyze hyaluronic acid. 
The fact that hyaluronidase and the factor of Duran-Reynals were 
identical was finally demonstrated by Chain and Duthie (1940), after 
which the view was expressed that hyaluronidase was the principal if not 
the only diffusion factor and that it had an essential role in a number of 
biological processes. Of course, a complete correspondence between hy
aluronidase and the spreading factor can finally be demonstrated only 
after the hyaluronidase is isolated in the form of a homogeneous protein 
and its diffusion promoting properties studied. 

The biological significance of hyaluronidase apparently is determined 
by its effect on highly polymerized mucopolysaccharides, which play a 
direct part in the processes of the interaction of the living organism and a 
number of infectious bacteria and viruses in the regenerative processes of 
tissue and in the regulation of enzymatic reactions (Geiman, 1947; 
Mayer, 1947; Bychkov, 1963). Robb Smith (1945) and Aikat and Dible 
(1956) actually observed the disappearance of hyaluronic acid from the 
affected tissue in gas gangrene. 

The first partially purified hyaluronidase from CI. perfringens was ob
tained by Robertson et al. (1940). Some of the properties of this enzyme 
were studied, including optimal pH, temperature coefficient, and chemical 
behavior with respect to salts and certain other reagents. The isolated 
enzyme was called mucinase by these authors; it hydrolyzed such hyalu-
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ronic acid-containing tissues of the animal body as the vitreous body, the 
umbilical cord, and connective tissue. In addition, Rogers (1946b) also 
obtained purified preparations of hyaluronidase by precipitation from the 
culture filtrates with ammonium sulfate and subsequent adsorption of the 
concentrate on aluminum hydroxide. In comparison with the native prep
arations, a 16-fold purification was achieved. 

Baker et al. (1956) isolated from CI. perfringens toxin a hyaluronidase 
preparation which was purified 1000-fold and which had an activity of 
20,000 hyaluronidase units per milligram of nitrogen. For purification of 
the enzyme, the latter authors used precipitation with ammonium sulfate 
and ethyl alcohol at various pH values (9.0, 7.5, 6.8). According to their 
data, the hyaluronidase was stable only at pH 8.6-9.5. Neither Rogers 
(1946b) nor Baker et al. (1956) investigated other components of the 
toxin in their preparations. 

Haberman (1958) isolated CI. perfringens hyaluronidase with an ac
tivity 125-fold greater than that of the preparations of Baker et al. (1956) 
(3 X 10

6
 international hyaluronidase units per milligram of nitrogen). 

These are the most active preparations described in the literature. Po-
penoe et al. (1957) observed the splitting of orozomucoid by an enzyme 
isolated from culture filtrates of CI. perfringens. Haberman (1959) did not 
exclude the possibility that this enzyme was hyaluronidase and that it was 
capable of splitting both mucopolysaccharides of the interstitial sub
stance, hyaluronic acid and orozomucoid. 

In the literature there is no agreement on the significance of hyaluroni
dase on the virulence of CI. perfringens. McClean et al. (1943) and Mik-
kelsen et al. (1950) believed that hyaluronidase, while not affecting the 
virulence of CI. perfringens, promoted microbial growth by liberating 
fermentable sugars from hyaluronic acid. This would presumably explain 
the observation by McClean and Hale (1941), McClean et al. (1943), 
Rogers (1946a), and Byers et al. (1949) of the adaptive induced biosyn
thesis of hyaluronidase in the presence of hyaluronic acid. 

Evans (1943a,b, 1947) showed that 0-antitoxin, antihyaluronidase, and 
anticollagenase do not increase the effect of a-antitoxin when they are in
jected simultaneously with the latter in guinea pigs, and he concluded that 
only the a-toxin was a determining factor in the development of gas gan
grene. Oakley (1954b) expressed justifiable objections to such a point of 
view. First, there is the impossibility of a precise comparison of the dis
ease in guinea pigs with that in man. Second, although a-toxin may ac
tually be the determining factor in the pathogenesis of gas gangrene in the 
initial period, other toxins may contribute significantly to the further de
velopment of the disease. 

Evans (1945) found a certain correlation between the production of 
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hyaluronidase on the one hand, and the virulence of CI. perfringens on the 
other hand. In the experiments of the above author, capacity to produce 
hyaluronidase was only possessed by virulent strains. According to the 
data of Kass et al. (1945), 56% of the hyaluronidase-producing strains of 
CI. perfringens studied proved virulent. Ogloblina (1948a,b) also showed 
that of 29 strains studied, only the virulent strains exhibited diffusion 
promoting activity. In earlier studies, Keppie and Robertson (1944) did 
not find any correspondence between the pathogenicity of CI. perfringens 
for guinea pigs and the capacity of the bacteria to produce hyaluronidase 
or even a-toxin. Nechaevskaya (1955) did not find any relationship be
tween the capacity to produce hyaluronidase and the virulence of these 
bacteria. The data presented above show that additional studies are re
quired to determine the role of hyaluronidase as a component of the toxin 
in the virulence and pathogenicity of CI. perfringens. Special attention 
should be given here to the problem of the role of the antibody for hyalu
ronidase in the prophylaxis of gas gangrene. 

D. C O L L A G E N A S E 

The term collagenase was first used by Sadikov (1927) to designate a 
pancreatic enzyme which digested heat-denatured collagen from tendons. 
Later this term was used to designate an enzyme produced by CI. perfrin
gens which split gelatin but did not act on other protein substrates 
(Maschman, 1937). The phenomenon of cytolytic muscle destruction 
caused by filtrates of CI. perfringens was discovered after World War I 
(Henry, 1923). The cases of gas gangrene observed during World War II 
increased the interest in this pathogenic agent and the toxin produced by 
it. 

Macfarlane and MacLennan (1945) showed that the toxin of type A CI. 
perfringens splits the collagen of skeletal muscle tissue. Robb Smith 
(1945) confirmed this histologically. Oakley etal. (1946) showed by sero
logical methods that the observed phenomenon was due to the presence 
in the toxin of a component other than the a-, 0-, or /x-toxins. The new 
component was called K-toxin. Bidwell and van Heyningen (1948) 
showed that the K-toxin was identical with collagenase. 

Although Jennison (1945) expressed doubt that collagenase was 
present in CI. perfringens toxin, this doubt was eliminated by the subse
quent findings of MacLennan (1953, 1954). This author in an inves
tigation of a large number of strains of various pathogenic bacteria 
showed that a collagenase was a definite component of the toxins of CI. 
perfringens and CI. histolyticum. In his opinion the unfavorable condi
tions for the growth of the bacteria or errors in the classification of the 
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type of CI. perfringens could have been the reason for the negative results 
in the determinations of collagenase in the toxic filtrates of type A CI. per
fringens. Brisou (1953), on the basis of the limited substrate specificity of 
collagenase as shown by its effect on procollagen but not on the collagen 
of tendons, proposed calling this enzyme procollagenase. This recommen
dation has not been widely accepted, and the term collagenase is found in 
nearly all of the biochemical and bacteriological literature. 

The collagenase activity of CI. perfringens is comparatively low, and 
the collagenase activity of CI. histolyticum toxin is much higher 
[according to the data of Neuman and Tytell (1950), it is 10 times more 
active than that of CI. perfringens toxin]. Thus, in the past 10 years the 
attention of investigators has been chiefly directed to a study of the colla
genase of CI. histolyticum (Kunina and Shpikiter, 1960; Mandl, 1961). 
Much success has been achieved in the study of the collagenase of CI. his
tolyticum by American investigators (Mandl et al., 1953, 1958; Mandl 
and Zaffuto, 1958; Mandl, 1961; Gallop et al., 1957, 1959), Japanese in
vestigators (Nagai and Noda, 1959; Nagai, 1961), German investigators 
(Grassman et al., 1959, 1963), and Soviet investigators (Levdikova, 
1966). 

Partially purified CI. perfringens collagenase was first obtained by Bid-
well and van Heyningen (1948). The method of isolation of the enzyme 
included precipitation with ammonium sulfate and subsequent adsorption 
on calcium phosphate. The culture filtrate was precipitated with 600 
gm/liter of ammonium sulfate. The precipitate was dissolved in water, and 
1 M calcium chloride and 0.5 M phosphate buffer (pH 6.8) were then 
added. The resultant precipitate of calcium phosphate adsorbed the colla
genase. The enzyme was eluted from the calcium phosphate with a 10% 
solution of ammonium sulfate. The collagenase was freed from pigment 
by treatment with activated charcoal. Haberman (1959) developed a 
scheme for the fractionation and purification of the components of CI. 
perfringens toxin. The collagenase was isolated by precipitation with 
methanol at pH 9.0. The final purification of the enzyme was carried out 
by chromatography on a calcium phosphate column. The degree of purity 
of the preparations was not checked by physicochemical methods, al
though, according to the author, they were not free of hemolysin. 

Levdikova (1966) developed a method for the isolation of CI. perfrin
gens collagenase, which included fractionation with ammonium sulfate, 
adsorption on DEAE cellulose, precipitation with acetone, and gel filtra
tion on Sephadex G-75. The homogeneity of the isolated enzyme was 
confirmed by ultracentrifugal studies and electrophoresis on starch gel 
and also by immunological and histochemical tests. The molecular weight 
of the collagenase was found to be 113,000. The isoelectric point was 
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about pH 5.0. An amino acid analysis showed that the CI. perfringens 
collagenase was characterized by a high dicarboxylic acid content. Col
lagenase inhibitors and the nature of the peptide bonds split by this en
zyme were investigated. It was shown that the collagenase of CI. per
fringens catalyzes the hydrolysis of the nonpolar regions of the collagen 
molecule characterized by the sequence (Gly-Pro-R)„, where R = an 
amino acid. 

The chief specific substrate requirement shown by this enzyme coin
cides with the specificity of the collagenase of CI. histolyticum and can be 
expressed by the general formula: P — X X Gly — P (oxypro) — Y (Lev-
dikova, 1966) in which P = proline or oxyproline, X and Y = other 
amino acids, and X J Gly = the hydrolyzed bond. The sign J shows 
where the enzyme collagenase acts, that is, the site where the hydrolysis 
of the substrate occurs. These are interesting and original data of Levdi-
kova (1966). The purified preparations of CI. perfringens and CI. histo
lyticum collagenase proved pharmacologically nontoxic in experiments 
in laboratory animals (Haberman, 1960b), but the injection of these 
preparations into the bloodstream caused destruction of the blood 
vessels and intramuscular hemorrhages. Normal human serum has 
anticollagenase activity (Stoughton and Lorincz, 1951, Delaunay et 
al, 1950b), which is usually rather weak and disappears after the serum 
is heated at 55-60° C for 10 minutes. Specific antisera completely 
suppress the activity of the collagenase. Antisera obtained by the 
inoculation of horses with a culture of type A CI. perfringens neutralized 
the collagenase of this pathogen but did not have any effect on the colla
genase of CI. histolyticum (Delaunay et al, 1949b). Thus the collagenases 
of the pathogenic Clostridia are characterized by a high immunological 
specificity. 

E. NONSPECIFIC PROTEINASE 

Maschman (1937) found in cultures of CI. perfringens a proteinase ca
pable of hydrolyzing gelatin but incapable of hydrolyzing egg albumin, 
casein, or fibrin. He proposed a method for isolation and purification of 
the enzyme, which he called "collagenase." In the subsequent studies of 
this author, the term "collagenase" was not used and the enzyme was 
called proteinase (Maschman, 1938). For a long time proteolytic enzymes 
were not differentiated in the toxin complex of CI. perfringens, and it was 
assumed that toxigenic type A CI. perfringens secreted a toxin in which 
nonspecific proteinases were absent (Oakley et al., 1948; MacLennan, 
1962). It is true that some workers (Vyshepan and Krasnova, 1954) re
ported the presence in CI. perfringens toxin of nonspecific proteinases 
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which were activated by cysteine and which destroyed the true lethal fac
tor, lecithinase. The data in the above-cited article appeared sufficiently 
convincing since it was known that the activity of type A CI. perfringens 
toxins decreased in storage, even though these toxins were stored in ade
quately concentrated solutions, in the cold, without access to air or light, 
and with no mixing or stirring. In spite of this, a marked inactivation quite 
frequently occurred. Cases of the inactivation of the toxin by proteolytic 
enzymes have been described in the literature. The inactivation effect of 
trypsin on a-toxin of CI. perfringens was observed by Oakley (1943). In 
spite of the obvious interest and practical importance of the problem, no 
data regarding the proteolytic enzymes of type A CI. perfringens have 
been published in recent years. 

Blagoveschenskii and Mikhailovskaya (1964) reported the detection of 
nonspecific proteinases in the bacterial cells and culture fluids of the toxi
genic BP 6K and the weakly toxigenic 2836 strain of CI. perfringens. Of 
three protein fractions isolated from the concentrated culture filtrates by 
electrophoresis in agar (Uriel, 1960), only one, which migrated toward the 
cathode, had proteolytic activity. Autolyzates of the bacterial cells, when 
subjected to electrophoresis, contained two fractions with proteolytic ac
tivity; they migrated toward the cathode. It was shown that the toxigenic 
strain secreted a proteinase which was active with respect to gelatin and 
casein and did not show a specific effect on egg albumin. These authors 
demonstrated an essential difference between the endo- and exopro-
teinase in terms of the effects of certain activators and inhibitors on them. 

At the same time Shemanova et al. (1964) reported the finding of non
specific proteinases which, according to their data inactivated CI. perfrin
gens toxin. Ispolatovskaya et al. (1965b) showed that the proteolytic 
activity in the cells and culture fluids of CI. perfringens was very low and 
in a number of cases was completely absent. When CI. perfringens toxin 
was incubated in the presence of this proteinase, no decrease in the leci
thinase activity was observed. According to the observations of the latter 
authors, under natural conditions of toxigenesis, when the synthesized a-
toxin is contained in a multicomponent system of proteins including a pro
teinase, this toxin is not destroyed by the homologous proteolytic en
zyme. Ispolatovskaya et al. 1965) did not observe any specific inactiva
tion, independent of the purity of the lecithinase, of the lecithinase of CI. 
perfringens by the homologous endo- or exoproteinases. However, when 
the lecithinase was incubated with trypsin, a rapid inactivation was ob
servable within 10 minutes. Within 3 hours the lecithinase was completely 
inactivated. In view of the absence of any unanimity of opinion regarding 
the role of the nonspecific proteinases in the inactivation of Cl. perfrin
gens toxins, further investigations are required here. 
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F. DEOXYRIBONUCLEASE 

Weinberg and Combiesco (1930) reported liberation of adenine com
pounds by toxins of four types of CI. perfringens and attributed this to the 
destruction of cell membranes by a-toxin. In subsequent studies by Robb 
Smith (1945), it was shown that when rabbits were injected with culture 
filtrates of CI. perfringens, destruction of the nuclei of the muscle and 
connective tissue cells occurred. It was found that the material being de
stroyed was stained by Feulgen's stain; and on the basis of this finding, 
the above-cited author proposed that the active agent responsible for the 
damage to the nuclei was DNase. 

Oakley and Warrack (1951) found that the DNase of CI. perfringens 
differed from the other components of the toxin and called it the ^-antigen. 
They used the ACRA (acid-Congo red-alcohol) test to determine the ac
tivity of the DNase and to standardize the DNase antisera. The presence 
of DNase in CI. perfringens toxins was confirmed by Masui et al. (1956). 
Honda (1956a,b) studied some of the properties of the DNase of CI. per
fringens and CI. septicum and showed that they were secreted into the 
medium in the logarithmic growth phase. The DNase of CI. perfringens 
proved to be very thermolabile and was inhibited by the ions of the diva
lent metals copper and zinc (in 10~

3
 M concentrations) and also by citrate, 

monoiodoacete, and arsenite. 
The biological role of CI. perfringens DNase is unclear (Kurnick, 1962; 

MacLennan, 1962). Some authors do not exclude a role of DNase in 
the infectious pathology of diphtheria (Messinova et al. (1964) and in 
staphylococcal infections (Jacobs et al., 1963). The toxicity of the DNase 
also is unknown. Van Heyningen (1958) suggested that this enzyme may 
promote the spreading of the bacteria and their toxic products. Until 
1966, comparatively little work was carried out on the DNase of CI. per

fringens. The work of Mukhin (1966) is of great interest in this connec
tion. He found DNase in 23 of 45 investigated strains of CI. perfringens. 
Unfortunately, the selection of strains was poor in that it did not include 
the BP 6K or SR 12 strains with which many investigators have worked. 

Mukhin found that the production of DNase in CI. perfringens paral
leled the production of lecithinase and observed a correlation between the 
activities of the two enzymes. On the basis of this finding, he concluded 
that the DNase, like the lecithinase, is an index of the virulence of the 
bacteria. One cannot agree with this conclusion, since the simultaneous 
accumulation of the enzymes in a growing culture of CI. perfringens does 
not provide a basis for concluding that they both contribute to the viru
lence and toxigenicity of the pathogenic agent. It is unquestionably to the 
author's credit that, by the use of modern methods of chromatography on 
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DEAE and Sephadex, he was the first to isolate DNase free of the leci
thinase of CI. perfringens. This opens up the possibility of solving the 
problems connected with the toxicity of the enzymes and also of studying 
the significance of DNase in the pathogenesis of gas gangrene. 

V I . M e c h a n i s m o f T o x i n A c t i o n 

Pathogenesis of gas gangrene depends upon complicated interactions of 
the bacteria and the toxin produced by them with the infected host orga
nism (Oakley, 1954b; Macfarlane, 1955; van Heyningen, 1955, 1958; 
van Heyningen and Arseculeratne, 1964). According to the observations 
of MacLennan (1944), MacLennan and Macfarlane (1945), Macfarlane 
and MacLennan (1945), and Balch and Ganley (1957), lecithinase, colla
genase, hyaluronidase, and ^-hemolysin are virtually absent from the in
fected tissues in cases of gas gangrene. Macfarlane and MacLennan 
(1945) have suggested that the toxemia and anemia seen in severe cases 
of gas gangrene are caused by certain toxic factors produced by CI. per
fringens in muscle and are not due to the presence of the a-toxin. Al
though the intravenous injection of this toxin produces intravascular 
hemolysis with an accompanying hemoglobinemia and hemoglobinuria, 
the intramuscular injection of a-toxin does not produce a similar effect. 
According to the data of the above-cited authors, intramuscularly injected 
a-toxin could not be detected in other muscles, thus excluding the possi
bility of the circulation of the a-toxin and its responsibility for the severe 
symptoms (coma, collapse) and, ultimately, the death of the organism. 
Macfarlane and MacLennan (1945) showed that when a-toxin was in
jected within an hour before the animal was sacrificed, it could not be iso
lated from the inoculated muscle, although it could easily be recovered 
from the excised muscle when it was injected after the sacrifice of the 
animal. The possibility of a-toxin circulation in the animal body is ex
cluded by these authors on the basis of its very firm adsorption by tissues. 
They believe that the tissue fluids cannot extract a-toxin from the tissues 
and carry it into the general circulatory system. This view is not shared by 
Oakley (1954b), who believes that because a-toxin injected intramuscu
larly is adsorbed comparatively slowly by the muscle, its circulation in the 
body is very probable and it may be responsible for the death of the an
imal. A small quantity of a-toxin, which is not capable of producing he
molysis, may produce severe changes in the vital organs of the infected 
animal. The latter view of Oakley (1954b) is supported by the data of 
Kruff and Bollman (1917), McClean et al. (1943), Pope et al. (1945), 
Frumkina (1948), Berezovskaya (1954), Berezovskaya and U'na(1954), 
and Haberman (1960b), who detected the individual components of the 
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toxin, including a-toxin, in tissues and organs far from the focus of the 
infection. 

Many authors regard gas gangrene as a characteristic toxico-infection 
(Arapov, 1942, 1950; Rapoport, 1951; Ganley et al., 1955) and regard 
the mechanism of action of the toxin as involving the total effect of its 
separate components (Chertkova, 1945, 1946; MacLennan, 1946, 1953; 
Chistovich, 1951a,b; Votyakov, 1950; van Heyningen, 1955, Macfar-
lane, 1955; and many others). 

A fundamental role in the pathogenesis of gas gangrene is played by lec
ithinase (Evans 1943a,b. 1945, 1947; Larina and Ispolatovskaya, 
1966a,b) which specifically splits lecithin (Macfarlane and Knight, 
1941; Zamecnik et al., 1947), sphingomyelin (Macfarlane, 1948a), and 
phosphatidylethanolamine (Matsumoto, 1961). In man and most animals, 
the cell membranes consist of lipoprotein complexes containing lecithin 
(Turner, 1957; Turner et al., 1958). Thus the mechanism of action of the 
lecithinase involves the destruction of erythrocytes and leukocytes, 
leading to a change in the cell permeability and to the production of edema 
(Oakley, 1943; Morgenshtern, 1947; Arapov, 1950; Rapoport, 1951; 
Davydovskii, 1952; and others). The edema produces a reduction in the 
blood supply as well as a reduction in the oxidation-reduction potential of 
the tissues; and this results in an activation of the endogenous proteolytic 
enzymes and a resultant autolysis of the infected tissue (Oakley, 1954b; 
Elder and Miles, 1957; and others). 

All the observed changes in the infected tissue contribute to the multi
plication of the Clostridia (Zelevinskaya et al., 1946; Oakley, 1954b), 
their secretion of toxin, and toxin circulation in the body and fixation in 
tissues and cells, to lead to the death of the animal or human patient. 
Moreover, one must not exclude the summation effects of the ^-hemoly
sin, which destroys leukocytes (Todd, 1941) and lowers the natural resist
ance of the body; the DNase, which depolymerizes the nuclear DN A and 
causes the death of the cell (Oakley and Warrack, 1951); the collagenase, 
which acts on the collagen and possibly on the reticulin, but not on the 
elastin of the damaged muscle (Kropp and Smith, 1941), and which de
stroys the blood supply of the damaged muscle to permit further penetra
tion of the toxin (Macfarlane and MacLennan, 1945; Oakley, 1954b); and 
the hyaluronidase, which splits the mucopolysaccharides and also pro
motes spread of the toxin in the tissues (McClean et al., 1943; Zelevin
skaya^/ al., 1946). 

Haberman (1960b) showed that the toxic effect of CI. perfringens was 
due to a- and ^-hemolysins. Collagenase is weakly toxic, but it has a sig
nificant local effect, and the hyaluronidase does not show any pharmaco
logical effect. The increase in the vascular permeability in animals in the 
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region of the injected toxin was found to depend on the presence of a-
toxin and, to a certain degree, on the presence of ^-hemolysin. Liberation 
of histamine from isolated tissue caused by ^-hemolysin was also ob
served. 

The explanation of the mechanism of action of the toxin very probably 
involves a summation of biochemical and biological effects leading to the 
death of the organism, since Robb Smith (1945) was able to reproduce all 
the changes occurring in the muscles of the living organism in in vitro 
studies of the effects of sterile culture filtrates of CI. perfringens on 
minced tissue. 

In connection with the problem of the effects of the components of the 
toxin on tissue, the recently published data of Anosov et al. (1966a,b) 
obtained from studies of highly purified CI. perfringens lecithinase on 
guinea pig tissue are of great interest. In their experiments the lecithinase 
had a specific effect, destroying only those tissues which contained lipo
proteins. Histochemical studies showed that within several minutes the 
lecithinase produced a fatty decomposition of the sarcolemma, the sarco-
plasm, the walls of the blood vessels of the muscles, the capillary endothe
lium, the myelin of the peripheral nerves, and the membranes of the 
erythrocytes, and produced a lipemia in the blood vessels. Frequently 
fatty decomposition was found in tissues which were still morphologically 
intact and it was apparently one of the causes of tissue necrosis. 

The collagen, reticulin, and elastin fibers and the Schiff-positive sub
stance which they contained were not destroyed. The glycogen in the 
muscle fibers in the zone of the initial necrosis was intact at 40 minutes. 
Similar results were obtained by Strunk et al. (1967) and Grossman et al. 
(1967). 

Pathomorphological studies showed that within 24 hours after the 
injection of lecithinase in guinea pigs, there was extensive coagulation or 
liquefaction necrosis of the tissues with hemorrhages, extensive edema, 
and, in the case of liquefaction necrosis, gas production. The gas produc
tion apparently occurred as a result of the activities of the proteolytic and 
glycolytic tissue enzymes. If these results are compared with the picture 
of gas gangrene as described by Morgenshtern (1947), Rapoport (1951), 
Davydovskii (1952), SmoPyannikov (1964), and others, it is found that 
the pathological process produced in the animal by lecithinase does not 
differ from the pathology of typical gas gangrene. In the experience of 
Anosov et al. (1966a,b), the edema spread so rapidly that in the first few 
hours it already involved the whole hind leg of the guinea pig, and after 24 
hours it had reached the peritoneum. These authors believe the observed 
phenomena is caused by the action of the lecithinase on the vascular 
walls. When a lethal dose of the lecithinase was injected intramuscularly, 
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no infiltration of leukocytes into the zone of necrosis was observed. On 
the basis of this finding, they suggest that lecithinase has an inhibitory 
effect on leukocytic infiltration in tissues. In the opinion of Anosov et al., 
changes in the internal organs following the intramuscular injection of a 
lethal dose of lecithinase apparently is caused not only by the effect of the 
enzyme, but also by toxins produced by the tissues, since the dystrophic 
processes in these organs appear in the period of manifest muscle ne
crosis. 

Anatomicopathological studies showed that in the internal organs there 
was marked damage to the vascular walls, hemorrhages, disturbances of 
the circulation, and dystrophic and necrotic processes which were espe
cially severe in the adrenals, the spleen, the liver, and the regional lymph 
nodes. 

Histochemical studies showed the following features: (a) a severe dis
turbance of fat metabolism as shown by fatty dystrophy, chiefly of the 
liver, with a lipemia and a reduction in the lipase activity in this organ; (b) 
a disturbance of carbohydrate metabolism, with disappearance of gly
cogen from the liver and its appearance in the cytoplasm of the convo
luted tubules of the kidneys; (c) a disturbance of protein metabolism, as 
indicated by a marked drop in the activity of the 5-nucleotidase in the 
liver, kidneys, and adrenals and of the alkaline phosphatase in the kid
neys, as well as by a disappearance of RN A from the cells of the regional 
lymph nodes and the spleen. 

In view of the complex effects of the toxin of CI. perfringens on the 
animal, it is impossible to explain the slight effectiveness of serotherapy 
and especially of seroprophylaxis in cases of gas gangrene. It is impos
sible to answer the question of why the timely injection of antiserum con
taining antibodies for all of the components of the toxin does not prevent 
the destructive effect of CI. perfringens on the living organism. Similarly, 
it is impossible to explain why an insufficient degree of antitoxic immunity 
is produced by active immunization with a toxoid produced from a toxin 
containing all the antigenic components of the toxin. 

A number of investigators have sought to find the answers to the above 
questions in the changes in the metabolism of substances of the host tis
sues as caused by pathogenic Clostridia and their toxins. The possibility 
cannot be excluded that the cause of death from gas gangrene in man and 
animals is the release by the infected tissues of toxic substances of an 
unknown nature (Zamecnik et al, 1945a; Pope et al, 1945). The earlier 
studies of Wright and Fleming (1918) showed that as a result of the pene
tration of the Clostridia into a wound and the production of the toxin, fer
mentative reactions accompanied by an acidosis occurred in the tissues. 
This finding could not be confirmed experimentally. An experiment per-
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formed during World War II showed that such an acidosis was not ob
served in all clinical cases of gas gangrene, and that there was no relation
ship between the degree of the acidosis and the severity of the symptoms 
(MacLennan, 1962). 

By waters and Beall (1941), By waters and Dible (1943), and By waters 
(1944) have proposed that CI. perfringens and its toxin produce a distur
bance of the electrolyte metabolism as a result of the release of large 
amounts of serous fluid from the infected tissues. This hypothesis could 
not be confirmed experimentally (Balch and Ganley, 1957). 

In a consideration of the problem of the mechanism of action of the 
toxin of CI. perfringens, the very interesting findings of Zamecnik et al. 
(1945b), Zamecnik and Lipmann (1947), Gordon et al. (1954), and Cin-
ader (1963) regarding the inhibition of the effect of the toxin in the pres
ence of lecithin or related phospholipids should be noted. The rapid fixa
tion of the toxin by the tissues and the competition between lecithin and 
antiserum for the toxin may, in the opinion of Zamecnik and Lipmann 
(1947) and MacLennan (1962), explain the failure of gas gangrene sero
therapy. The firmness of the bond between the enzyme and the substrate, 
which was shown in the experiments of Zamecnik and Lipmann (1947), 
was again demonstrated in the experiments of Ispolatovskaya (1967b). In 
the study of the effect of metal-chelating compounds on the lecithinase in 
connection with the elucidation of the role of metals in its activity, it was 
shown that the firm enzyme-substrate complex could not be disrupted 
even by the addition of large quantities of the lecithinase inhibitors 
EDTA and o-phenanthroline. The interaction of the enzyme with the 
substrate occurred so rapidly that with the almost simultaneous succes
sive addition of the lecithovitelline and the complexing agent, the latter 
could not prevent the occurrence of the enzymatic reaction. In cases 
where the addition of the inhibitor preceded the addition of the substrate, 
a marked suppression of the specific reaction was observed. The possi
bility cannot be excluded that the specific interaction of CI. perfringens 
and the toxin produced by it with the host organism is due to a complex 
biological effect of the toxin and also to its metalloprotein nature (Macfar
lane, 1955; van Heyningen, 1955; MacLennan, 1962; Ispolatovskaya, 
1967a,b,c). The presence in the tissues of certain metals essential for the 
activity of the lecithinase may be an additional factor favoring the devel
opment of gas gangrene. MacLennan (1962) believes that this is improb
able but that it requires further study. 

A number of investigators have sought to explain the pathogenic effect 
of the CI. perfringens toxin as due to the suppression of vitally important 
metabolic reactions of the host organism which provide its essential 
sources of energy, for example, the reaction mediated by succinoxidase 
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(Wooldridge and Higginbottom, 1938; Macfarlane and Datta, 1954; 
Edwards and Ball, 1954; Macfarlane, 1955; van Heyningen, 1955; and 
others). According to the data of Kielley and Meyerhof (1950), CI. per
fringens toxin destroys the adenosine triphosphatase of muscle, which is 
activated by magnesium, by splitting off its prosthetic group. The impor
tance of this interesting fact is not clear, although van Heyningen (1958) 
believes that it may contribute to a significant degree to the pathogenic 
effect of the toxin. 

Some investigations have shown that CI. perfringens and the toxin 
which it produces disturb normal lipid metabolism, thereby causing fat 
emboli (Cooke et al., 1945; Govan, 1946; Robb Smith, 1945). Robb 
Smith (1945) does not believe that fat emboli are responsible for the fatal 
outcome of gas gangrene. Changes in the metabolism of the infected host 
organism have been shown by Fridlyand (1949, 1952, 1956), Fridlyand et 
al. (1952), Poverennyi et al. (1953), Promyslov and Zelmanovich (1951), 
Promyslov (1952), and others. Unfortunately, all of these observations 
cannot explain the mechanism of action of CI. perfringens toxin. 

Many authors believe that the course of gas gangrene is determined by 
an unknown toxic factor produced in the muscle of the host as a result of 
the interaction of a clostridial metabolic by-product with the tissue sub
strates. This metabolic factor is not normally contained in the muscles, 
since attempts to identify it have proved unsuccessful (Abraham et al., 
1941). MacLennan (1962) has not excluded the possibility that this hypo
thetical factor represents some clostridial toxin other than the one under 
consideration here, the pathogenic, pharmacological, and biological ef
fects of which still have not been established. 

The mechanism of action of the toxin of CI. perfringens obviously will 
be understood only after simultaneous studies of the specific effect of the 
toxin and of the metabolism of the tissues of the infected organism have 
been carried out. These problems have been under investigation for half a 
century, and there has been a gradual accumulation of new experimental 
data (van Heyningen and Arseculeratne, 1964). These data provide evi
dence of changes in the metabolism of the host with gas gangrene and the 
appearance of new enzymes in the infected tissues, the effects of which 
can lead to the destruction of biological systems of vital importance to the 
host organism. For example, Wiessman et al. (1963) and Hirsch et al. 
(1963) have shown that certain bacterial toxins liberated enzymes from 
the lysosomes of cells (cathespin, DNase, RNase, phosphatase, ^-glu
curonidase, and a number of others) which could split certain tissue 
substrates. Van Heyningen and Arseculeratne (1964) do not exclude the 
possibility that in the case of gangrene a similar liberation of new enzymes 
may occur. 
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V I I . D e t o x i f i c a t i o n 

The possibility of detoxification of bacterial toxins with formaldehyde 
for the purpose of obtaining preparations for active immunization against 
toxic infections was first demonstrated by Ramon (1923, 1924, 1925, 
1926, 1957). This important discovery has gained universal recognition 
(Raynaud, 1961; Ramon, 1962; Vorob'ev etal, 1965; Shapiro, 1966; and 
others). In spite of the wide prophylactic use of toxoids, the mechanism of 
the detoxification of the toxins of the pathogenic Clostridia and especially 
of CL perfringens has remained virtually uninvestigated. Weinberg and 
Prevot (1925) demonstrated the possibility of obtaining formol CI. per
fringens toxoids. After a 48-hour contact with formaldehyde, harmless 
toxoids with a high immunogenic activity were obtained as shown by the 
immunization of horses. Weinberg and Barotte (1929) found that formol 
toxoid increased the protective power of antitoxic sera for CI. perfringens 
and was a good antigen. 

In contradiction to this, according to the observations of Penfold and 
Tolhurst (1937, 1938; Penfold et al. 1941) the toxin of CI. perfringens 
was slowly detoxified by 0.35% formaldehyde, and the toxoid obtained 
after 14 days of detoxification had little effect. The studies of Zelivin-
skaya et al. (1944), Komkova (1944), and Khabas (1946) also showed 
that the detoxified toxoid of CI. perfringens retained only about 50% of its 
antigenic activity after its detoxification with formaldehyde at pH 1.2-1 A. 
Khaustova (1958a) recommended an almost identical pH value (7.0-7.2) 
for obtaining active CI. perfringens toxoid and the fractional addition of 
the formaldehyde (first 0.2% and then two further additions of 0 .1% 
each). Patrikeev (1962) investigated the influence of some oxidizing 
agents and inhibitors of proteinase. Levomycetin and o-oxyquinoline 
produced a rapid detoxification with preservation of a large amount of the 
antigenicity in the toxoid thereby obtained. 

Studies of the process of the detoxification of CI. perfringens toxin have 
been made to determine the optimal conditions (concentration of formal
dehyde, pH, duration of treatment, temperature, etc.) for maximal pre
servation of the immunogenic properties in the toxoid obtained (Weinberg 
and Guillaumie, 1936, 1937; Robertson and Keppie, 1943; Komkova, 
1944; Khabas, 1946; Markovich et al., 1952; Khaustova, 1958b; and 
others). The majority of investigators have shown that the toxoids of CL 
perfringens have limited immunological activity and do not provide a high 
immunity to gas gangrene. 

The possibility cannot be ruled out that the relatively low immunolog
ical effectiveness of CL perfringens toxoids in comparison with the immu-
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nogenicity of diphtheria and other toxoids is due to the fact that the 
toxins of CI. perfringens play an important but not exclusive role in the 
pathogenesis of gas gangrene, whereas in diphtheria and tetanus the 
production of the toxin is the decisive factor for the development of the 
disease. 

In the general plan for a thorough study of the toxin of CI. perfringens, 
an investigation of the process of its detoxification and a determination of 
some of the physicochemical changes in the protein in the course of this 
process are currently under study. Among the small number of investiga
tions related to this problem are some made by Ispolatovskaya and her 
co-workers. 

Ispolatovskaya (1967b) showed that the process of detoxification of CI. 
perfringens toxin passes through three stages. The first of these is charac
terized by a rapid decrease in toxicity. In the second stage a slowing of the 
process of detoxification is observed, and toxicity remains at the same 
level for a long time (in the 40- to 60-day period of detoxification the dura
tion of this spontaneous delay in the process amounts to 5-10 days). The 
third stage involves a further gradual loss of toxicity until there is com
plete detoxification and conversion of the toxin to toxoid. In earlier exper
iments Ispolatovskaya et al. (1963) investigated the characteristics of the 
detoxification of CI. perfringens toxin in relation to contamination with 
other proteins. It was found that the purified toxin was rapidly detoxified 
by formaldehyde and that the loss of toxicity was often accompanied by a 
simultaneous loss of antigenic activity. In a comparison of the detoxifying 
activities of formaldehyde and /3-propiolactone, the latter agent was not 
found to have any advantages. 

In an attempt to stabilize the protein during the process of detoxifica
tion, Difco and Witte's peptones were added. In all cases these sub
stances, which are relatively inert with respect to the animal or human 
body, had a favorable effect in preserving the antigenic activities of the 
toxoids obtained. In the course of these studies it was shown that in the 
early stages of the detoxification there was a sufficiently rapid combina
tion of the formaldehyde with amino groups. However, not all of the 
amino groups present in the toxin were blocked by the formaldehyde, in 
spite of the fact that the latter was added in some excess (determination of 
formaldehyde showed that it was present in all of the detoxified prepara
tions). A decrease in the content of amino nitrogen was observed in some 
cases as early as 2 hours after the addition of the formaldehyde, but this 
was not always accompanied by an appreciable decrease in the toxicity. 
Later, usually after 2-3 days, a sharp drop in the toxicity— which was not 
in all cases accompanied by a more active combination of the formalde
hyde with the amino groups —occurred, so that it is possible that this pro-
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cess is not the only one involved in the detoxification of the toxic protein. 
This process probably precedes and perhaps catalyzes an extensive rear
rangement of the protein molecule, as a result of which it is transformed 
into the qualitatively new state of toxoid. This proposal appears logical in 
view of the data obtained by Ispolatovskaya and Larina (1959) in studies 
of the electrophoretic properties of CL perfringens during the process of 
detoxification with formaldehyde. It was shown here that gentle treatment 
with formaldehyde at 37° C caused the lecithinase of CL perfringens to 
gradually lose its toxicity with a simultaneous sharp increase in its nega
tive charge. If the charge of the undetoxified toxin corresponded to 
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cess, a change in the content of amino nitrogen occurred which was quite 
marked only in the first stages of the detoxification. The further detoxifi
cation of the toxin was accompanied by a marked increase in the electro
phoretic mobility, which could have occurred as a result of conformational 
changes in the protein molecule, with a relatively constant number of re
maining free amino groups. As a result of this, the lethal factor of the toxin-
lecithinase is converted into a toxoid-inactivated enzyme without specific 
enzymatic activity but with its antigenic properties retained. Thus the 
gradual change in the biological activity of the toxin-enzyme is accom
panied by an increase in the acid properties of the molecule resulting in 
a marked change in its surface charge. 

In the course of this process the active center of the enzyme is grad
ually destroyed or blocked, but that part of the molecular structure which 
determines the antigenic activity of the molecule remains in its native 
state. It is possible that this process does not occur simultaneously for the 
whole molecular system, but takes place gradually and selectively, which 
may explain the length of time required for the detoxification of CL 
perfringens toxin with formaldehyde. 

Studies of the structures of proteins and enzymes have shown that their 
immunological specificity is determined by the tertiary structure, that is, 
by the spatial orientation of the protein molecules as determined by the 
reciprocal arrangement of the specific functional groups and bonds (Bres-
ler, 1966). It can be assumed that enzymatic activity may be simultane
ously determined by both the primary structure of an active center and 
the tertiary structure, that is, the coiling of the molecule, which could 
affect the accessibility of the active center of the enzyme for specific inter
action with the substrate. 

Bacterial exotoxins are very interesting models for study, since they 
have two forms of biological activity: toxicity and antigenicity. Unfortu-
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nately, comparatively few investigations have been made with regard to 
chemical modifications of the bacterial toxins for the purpose of eluci
dating the nature of the groups responsible for their toxicity and antigen
icity. Detoxification with formaldehyde is an example of a chemical 
modification leading to a significant change in the molecular structure 
(Schapiro, 1966). In this connection the chemical modification of the toxin 
of CI. perfringens and especially of its lethal factor, lecithinase, is a very 
promising subject for study. 

Ispolatovskaya and Klimacheva (1966) showed that the suppression of 
lecithinase activity with EDTA or cysteine did not affect the antigenic 
activity, as evidenced by combination with specific serum and diffusion 
precipitation in agar. In these experiments the modification of an enzyme 
molecule with antigenic and immunogenic properties led to a complete 
loss of toxicity. Inactivated as an enzyme and detoxified as a toxin, the 
lecithinase acquired a new biological specificity as a toxoid. Especially 
convincing results were obtained by chemical modification of the leci
thinase with cysteine (Ispolatovskaya et al., 1966; Ispolatovskaya, 
1967b). In tests of preparations of lecithinase detoxified with cysteine in 
in vivo immunization experiments in mice there was observed a produc
tion of antibodies protecting the animals from a culture and from the toxin 
of CI. perfringens. On the basis of these findings it is reasonable to believe 
that new, more specific methods of detoxification may prove very useful 
in solving the problem of active immunization against gas gangrene. 

V I I I . A c t i v e I m m u n i z a t i o n a g a i n s t G a s G a n g r e n e 

The first articles regarding active immunization against gas gangrene 
appeared at the end of the 1930's and the beginning of the 1940's. Zelev-
inskaya (1935) was unable to detect protective antibodies in the blood of 
guinea pigs immunized with an inactivated culture and a toxoid of CI. per
fringens. However, in comparison with the controls, the immunized ani
mals proved somewhat more resistant to a culture and to the toxin of CI. 
perfringens. Kosmodamianskii (1936) also obtained negative results in 
experiments using subcutaneous, intracutaneous, and intravenous immu
nization of animals with an inactivated culture of CI. perfringens. 

Penfold and Tolhurst (1937) in immunization experiments with 4-8 
injections of an alum-precipitated, inactivated culture obtained protection 
of mice against 2 MLD of a culture or the toxin of CI. perfringens. Inves
tigations by Penfold and Tolhurst (1938), Penfold et al. (1941), Kes-
terman and Vogt (1940), Chernaya (1941, 1960), Kolmer (1942), Stewart 
(1943), Evans (1945, 1947), Zelvinskaya et al. (1944, 1958), Levkovich 



3. TYPE A CI. perfringens TOXIN 147 

(1945), Adams (1947), Danielson (1947), Tytell et al. (1947), Keppie and 
Macfarlane (1948), Pleteneva (1950), and Vygodchikov et al. (1957) at
test to the fact that inactivated cultures and toxoids of CI. perfringens 
possess weak immunogenic properties, and do not provide a high anti
toxic immunity. 

There have been reports of relatively successful immunization which 
led to the establishment of an immunity against gas gangrene (Altemeier 
et al, 1947, 1952). Komkova (1944) by three immunizations of rabbits 
with a precipitated toxoid obtained antisera containing 1-2 IU (interna
tional units). In the experiments of the latter author, the immunized ani
mals acquired an immunity to a culture of CI. perfringens 7 months after 
immunization. 

As has been shown by a number of investigators, the number of immu
nizing injections and the intervals between them are of great importance 
for the establishment of a good immunity. Kolmer (1942) believed that 
two immunizing injections with a 3-day interval between them was prefer
able to two immunizations with an intervening period of 1 week. Khaus-
tova (1958b) showed that a higher immunity was obtained in guinea pigs 
with a 45-day interval between the immunizations. 

As has been shown by the studies of Robertson and Keppie (1943), 
Zelevinskaya et al (1944), and Olaru et al. (1960), subsequent immu
nizing injections at long intervals are essential to restore the reactivity of 
the organism. The above-cited authors observed after such reimmuniza-
tion a significant increase in the antibody titer. Unfortunately, an eval
uation of the experimental data is difficult, since the investigators used 
different units for measuring the activity of the corresponding antigens 
and antisera. This complicates the determination of the dose of antigen 
actually used to produce the immunity and of the level of the immunity 
actually obtained. 

Until recently, the problem of active immunization against gas gan
grene still had not been solved. The establishment of a strong and long-
lasting immunity against CI. perfringens is obviously complicated by a 
number of factors. Most important among these are the apparent enzy
matic nature of the majority of the antigens contained in the complex of 
the toxin and the necessity of obtaining antibodies for enzymes (Palant 
and Chertkova, 1948; Macfarlane, 1955; and others). It is generally 
accepted that enzymes as compared with other proteins are weak antigens 
and do not provide an adequately high production of protective antibodies 
in the blood of immunized animals to protect them (Ramon, 1957, 1962; 
Cinader, 1953, 1957, 1963; Domaradskii, 1962). The studies of Evans 
(1943a,b, 1945, 1947) have shown that a-toxin is of primary importance 
in the pathogenesis of gas gangrene and that the protective properties of 
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antisera are due exclusively to the presence in them of antibodies for the 
lethal factor of the toxin. These conclusions of the latter author are based 
on a study of the passive immunity obtained by the injection of animals 
with sera containing antibodies for various individual components of the 
toxin. 

Larina and Ispolatovskaya (1966a,b) also have investigated the impor
tance of lecithinase in the establishment of an immunity for gas gangrene. 
Animals were immunized with purified CL perfringens lecithinase free 
from collagenase, hyaluronidase, or DNase activity. The lecithinase re
tained lethal (2000-6000 mouse MLD/ml), hemolytic (200-400 hemo
lytic units/ml), and antigenic (60-375 L//mg N) properties. The experi
ments were carried out in guinea pigs. Three preparations of lecithinase 
were investigated. Two immunizing injections were given subcutaneously 
with a 30-day interval between them. Blood samples were obtained 
through 14 days after immunization. The lecithinase preparations were 
detoxified by the fractional addition of formaldehyde. The lecithinase and 
toxoid of lecithinase were adsorbed on aluminum hydroxide (5-6 mg/ml). 
After the two immunizing injections of the undetoxified lecithinase in 
doses of 15 L/, the inoculated guinea pigs showed an average antibody 
titer of 0.14 IU, with individual titers of more than 0.1 to less than 4 IU. 
In 5 of 13 animals the antibody titer was less than 0.1 IU. 

The experiments showed that two immunizing injections did not assure 
the survival of the animals with antibody titers of less than 0.1 IU against 
an injection of 1-3 MLD of the toxin. After immunization of the guinea 
pigs with the inactivated lecithinase (15 Lf) the average antibody titer was 
2.85 IU, with the individual titers ranging from 1 to 5 IU. These anti
bodies protected the animals against 20-40 lethal doses of a culture but 
not of the toxin of CL perfringens. After immunization with 50 Lf of the 
inactivated lecithinase, the average antibody titer was 5.74 IU, and the 
animals were protected against 5-10 lethal doses of the toxin or of a cul
ture of CL perfringens. The survival of these animals was found to be di
rectly related to the level of antitoxin in the blood. Thus the purified leci
thinase, freed from the other components of the toxin, when injected into 
animals, provided protection against infection. This result once again 
confirmed the view regarding the primary importance of a toxoid of 
lecithinase in the development of immunity to gas gangrene. 

In emphasizing the prospects of active immunization against gas gan
grene, MacLennan (1962) noted and supported the point of view ex
pressed by Pillemer (1962) that present methods of converting a toxin to a 
toxoid cannot assure the preservation of the antigenic activity of the non
toxic derivatives and that the immunizing potency of the "so-called 
toxoids of CL perfringens is only due to the residual activity of the unde-
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natured alpha toxin." Actually, the loss of the antigenic activity of the 
toxin in the process of detoxification is extremely high, but the reasons 
for this remain unknown (Vygodchikov et al., 1957; Vorob'ev et al., 
1965). 

The difficulty of obtaining highly immunogenic toxoids apparently 
arises from the fact that the lecithinase, which accounts for the immuno
genic properties of the toxin, has a combination of biological effects (en
zymatic, lethal, and hemolytic). The carriers of these activities have not 
been separated and their importance in immunity has not been investi
gated. 

In spite of the above-enumerated difficulties, in the last decade, pro
gress has been made in the solution of the problem of active immunization 
against gas gangrene. A number of complex preparations against aner-
obic infections have been produced (Blagoveshchenskii et al., 1956; 
Vygodchikov et al., 1959; Matveev et al., 1960; Larina, 1966; and 
others). As experiments in laboratory animals and volunteer subjects 
have shown, immunization with a combined tritoxoid has proved immu
nologically effective against gas gangrene (Larina et al., 1961). Immuniza
tion of monkeys with a combined antigen containing in 1 ml (the immu
nizing dose) 30 Lf (standard units) of CI. perfringens antigen, 40 Lf of CI. 
oedematiens antigen, and 150 L/of CI. tetani antigen provided protection 
against infection. All of the immunized monkeys inoculated with the orga
nisms producing gas gangrene recovered after developing local symp
toms. The presence in the blood of the monkeys of 0.5 IU of antitoxin 
protected them against the development of a fatal illness after the inocula
tion of 3-6 lethal doses of a culture of CI. perfringens. These results 
permit a modern review of the problem of active immunization against gas 
gangrene, which in our opinion is quite promising and should be solved by 
further research for suitable nutrient media, the development of better 
methods of growing cultures of CI. perfringens, and the development of 
new, more specific methods of detoxifying the toxins to assure the max
imal preservation of the immunogenic activity of the nontoxic derivative. 
Also of special importance is the concentration and purification of toxoids 
for direct use in the immunization of man and animals. 
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