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

Listeria monocytogenes has been isolated from a variety of clinical 
specimens of human origin with increasing frequency during the past 20 
years. This, together with diverse pathological, clinical, and immunologi
cal findings in man, many species of rodents, ruminants, and birds, has 
caused listeriosis to be of interest from a public health and an economic 
standpoint (Seeliger, 1961; Gray and Killinger, 1966). 

The nature of the diseases and lesions produced by Listeria suggest the 
action of a toxin. Toxic fractions of Listeria have been prepared by dis
ruption of the bacterial cell and extraction of the cell with organic sol
vents. Although these fractions have been shown to possess varying de
grees of toxicity for laboratory animals, their participation in the 
formation of granulomatous lesions has not been demonstrated. It seems 
improbable that these fractions would initiate the cellular damage ob
served in listeriosis, since extensive lysis of the bacterium in the primary 
lesion or later in the infection has not been shown. This suggests that cel
lular damage might be initiated by a toxin excreted during the active 
growth of Listeria. However, attempts to demonstrate such a toxin have 
yielded equivocal and contradictory results. 

Listeria monocytogenes produces a soluble hemolysin, but there is a 
lack of information concerning the role of this hemolysin in the establish
ment and progress of Listeria infections. Previous studies by others have 
suggested that Listeria hemolysin is not toxic for laboratory animals. In 
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contrast, recent studies in our laboratory indicate that in experimental 
animals the hemolysin induces biochemical and physiological changes 
which suggest its participation in the infection. These studies have also 
shown that the hemolysin is lethal under appropriate conditions. 

I I . M a n i f e s t a t i o n s o f T o x e m i a I n d u c e d b y L i s t e r i c I n f e c t i o n a n d 

P r o d u c t s o f Listeria monocytogenes 

A. BIOCHEMICAL ALTERATIONS IN EXPERIMENTAL LISTERIOSIS 

Several biochemical parameters have recently been studied in experi
mental listeriosis and toxic states induced by isolated fractions of L. mon
ocytogenes. Mcllwain et al. (1964) reported hyperglycemia followed by 
hypoglycemia in rabbits receiving a crude protein fraction intravenously. 
Blood lactate and pyruvate values increased as did respiration rates and 
body temperature. Wilder and Sword (1967a,b) examined biochemical 
alterations in Listeria-intected mice. Total liver protein and nitrogen de
creased during the course of the infection (Wilder and Sword, 1967a). 
Liver lipid increased as did blood urea nitrogen. A significant decrease in 
oxidative phosphorylation was observed 72 hours post infection. Xan
thine dehydrogenase and uricase activity in liver and uric acid levels in 
blood increased. It was suggested that at least part of the cause of death 
was the derangement of carbohydrate and hepatic purine metabolism. 

Wilder ̂ nd Sword (1967b) also reported that liver glycogen and glucose 
decreased parallel to severity of infection. Blood glucose fell to abnor
mally low levels with a hypoglycemia most evident at 72 hours. Glycogen 
synthetase, phosphorylase, and glucose-6-phosphatase activity in liver 
decreased. There was a concomitant increase in blood lactate and pyru
vate. Holder and Sword (1969) using a lipid fraction of L. monocytogenes 
containing the monocytosis-producing agent (MPA) reported carbohy
drate alterations in fasted mice. Blood glucose levels as well as liver gly
cogen and glucose were consistently lower in MPA-treated animals than 
in normal fasted animals. The authors suggested that MPA interfered 
with gluconeogenesis in the fasted animal. A decreased incorporation of 1 4

C labeled alanine into liver carbohydrate seemed to support this con
tention. Holder and Sword (1969) also reported reduced liver steroid lev
els after MPA treatment and suggested that this might be the cause of 
reduced gluconeogenesis. Jenkins and Watson (1968) reported a progres
sive lipoproteinemia after intravenous injection of a hemolytic prepara
tion into rabbits. They suggested that a decreased a-lipoprotein was indic
ative of impaired liver function. Plasma levels of glutamic oxalacetic 
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transaminase, glutamic pyruvic transaminase, phosphohexose isomerase, 
leucine aminopeptidase, isocitric dehydrogenase, acid phosphatase, lipase, 
ornithine carbamyltransferase, and ^-glucuronidase increased in Listeria-
infected mice (Sword and Wilder, 1967). Alkaline phosphatase appeared 
to decrease while creatine phosphokinase levels did not change. 

B. TOXICITY OF CHEMICAL FRACTIONS AND CULTURE FILTRATES 
OF L. monocytogenes G R O W N In Vitro AND In Vivo 

Listeria monocytogenes has not been shown to produce a classic exo
toxin, although several attempts have been made to show toxicity of cul
ture filtrates (Murray et al., 1926; Burn, 1934; Shaw and Turk, 1954; Jae
ger and Meyers, 1954). Chemical fractions derived from culture filtrates 
and from disrupted and intact Listeria cells have been shown to possess 
varying degrees of toxicity for laboratory animals. 

Stanley (1949) extracted a lipoidal substance from the cell walls of L. 
monocytogenes, which he called monocytosis-producing agent (MPA). 
This substance, when injected into young rabbits, produced a circulating 
monocytosis similar to that observed during listeric infections of rodents 
and some birds. Seeliger (1961) stated that highly virulent strains of Lis
teria contain greater amounts of MPA than strains of reduced virulence. 
He suggested that there was a correlation between virulence and MPA 
content and that MPA may function as an accessory virulence factor. 

Patocka et al. (1959) extracted a protein substance from glycine-lysed 
Listeria. The disruption product was not toxic per se, but possessed spe
cific, infection-potentiating properties. Silverman et 0 / . (1961) described a 
heat-stable cell disruption product, the mortality enhancing factor (MEF), 
which had nonspecific, infection-potentiating properties. This sonic disin
tegration product enhanced the mortality of Streptococcus, Staphylococ
cus, Proteus, Brucella, and Listeria strains in experimental animals, and of 
Histoplasmosis in hamsters (Woodrow and Valentine, 1965). Robinson 
and Njoku-Obi (1964) obtained a highly toxic polysaccharide fraction by 
extraction of live, virulent Listeria cells with absolute alcohol, sodium 
acetate, and acetic acid. They reported mouse protection using three 
injections of 0.5 /xg each and skin reactions in rabbits when the fraction 
was given in high doses. 

Mcllwain et al. (1964) isolated a protein fraction from mechanically 
disrupted Listeria cells by a modification of the method of Tubylewicz 
(1963). This fraction, when given intravenously to rabbits, produced dis
turbances in electrocardiograph tracings, increased respiration rates, 
changes in blood sugar levels, appearance of certain products of the gly
colytic pathway, and circulating monocytosis. 
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Liu and Bates (1961) reported a toxic product found in culture filtrate 
which caused necrosis when injected into rabbit skin. Harvey and Faber 
(1941) first reported the production of a soluble hemolysin by L. monocy
togenes. There has been no direct evidence to indicate that the lysin pos
sesses any classic exotoxic properties. Girard et al. (1963) and A. N. 
Njoku-Obi et al. (1963) performed toxicity tests of hemolysin in guinea 
pigs, rabbits, and mice and concluded that the hemolysin per se was vir
tually innocuous for these animals. They tended to exclude hemolysin as 
an exotoxin, but they recognized that it may function as an accessory fac
tor in the pathogenesis of Listeria infections (Girard et al., 1963; A. N. 
Njoku-Obi et al, 1963). Later reports by Kingdon and Sword (1967, 
1968, 1970) showed that the hemolysin was both toxic and lethal for 
mice. Hemolysin was shown to act as a leukocidin, to disrupt lysosomes, 
to damage hepatocytes, to affect cardiac tissue, and to kill mice in 4-6 
minutes after intravenous injection of as little as 100 complete hemolytic 
units (CHU). Siddique and Walker (1967) employing isolated segments of 
rabbit ileum demonstrated a direct effect of Listeria hemolysin on the 
muscle resulting in decreased tonus and decreased amplitude and fre
quency of contraction. Similar results were found with rat ileum but not 
with rat uterine tissue (Siddique and Williams, 1969). The response of 
rat uterine tissue to treatment with hemolysin was characterized by in
creased amplitude, frequency, and force of contraction. 

Recognition of the apparent toxic nature of listeriosis and subsequent 
failure to isolate a classic toxin by conventional testing methods led to 
attempts to show the presence of a toxic product during in vivo growth of 
the organisms. Results of studies by Keppie et al. (1963) on anthrax indi
cated that the lethal toxin could be detected only with difficulty from Ba
cillus anthracis grown in vitro but was readily produced when the orga
nisms were grown in vivo. To evaluate such a possibility with L. 
monocytogenes, Mcllwain and Barnes (1968) and DiCapua et al. (1968) 
implanted small diffusion chambers containing L. monocytogenes in ex
perimental animals. DiCapua et al. (1968) were unable to show any toxic 
effects in mice implanted intraperitoneally with chambers containing 
4000-6000 bacteria and constructed of membrane filters to allow diffu
sion of macromolecules during the period of growth of the organisms. 
They were also unable to show the presence of toxins in bacteria-free 
fluid obtained from chambers constructed of dialyzing membranes and 
implanted in mice. In contrast, Mcllwain and Barnes (1968) found that 
chinchillas implanted intraperitoneally with diffusion chambers contain
ing 10

10
 L. monocytogenes died more rapidly (average 1.8 days) than ani

mals receiving the same number of organisms injected into the peritoneal 
cavity (average 4.0 days). No organisms were recovered from liver, kid-
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neys, or spleen of the animals implanted with chambers containing Lister
ia, and the authors concluded that death was caused by the in vivo produc
tion of a filterable toxic component. It must be pointed out that neither 
of these studies exclude the possible action of hemolysin as the major 
toxin of L. monocytogenes. Low yields of hemolysin would be expected 
in the studies of DiCapua et al. (1968) because of the small bacterial inoc
ulum and limited growth, and it would be expected that this hemolysin 
would be membrane-bound and perhaps never reach a toxic level in the 
animals. The lethal effect observed by Mcllwain and Barnes (1968) could 
have been due to hemolysin production, since a bacterial inoculum large 
enough to account for greater yields of hemolysin was contained in the 
chambers. It is also noteworthy that hemolysin could also have been pres
ent in the "toxin" described by Liu and Bates (1961) and the toxic pro
tein fraction employed by Mcllwain et al. (1964), since it seems unlikely 
that their preparative procedures would have eliminated it. 

The reports of Kingdon and Sword (1967, 1968, 1970), Siddique and 
Walker (1967), and Siddique and Williams (1969) indicating toxic activity 
associated with hemolysin, the possible presence of hemolysin in listeric 
products claimed to have toxic activity (Mcllwain et al., 1964; Liu and 
Bates, 1961), and the failure of many other workers in numerous attempts 
to isolate any other material with toxinlike activity (Seeliger, 1961) point 
to the hemolysin as the major toxin of L. monocytogenes. The remainder 
of this chapter will be concerned with a further characterization of the 
properties and action of this toxin —the hemolysin. This will be based in 
great part on recent studies in our laboratory on the actions of this toxin. 

I I I . P r o d u c t i o n , P u r i f i c a t i o n , a n d N a t u r e o f H e m o l y s i n 

The hemolysin is elaborated into the culture media during growth of the 
organism. Girard et al. (1963) reported that the lysin continued to be 
produced long after the culture had reached its maximum population den
sity. They found that peak lysin production was after 18 days in culture in 
trypticase soy broth at 20°C. The production was always somewhat less 
when grown at 37°C; however, peak levels were reached in 24-48 hours. 
The presence of hydrocolloids in the media enhanced the production of 
hemolysin, but the nature of this enhancement is not known. 

Complete hemolytic activity is precipitated at 60% ammonium sulfate 
concentration, with most of the activity residing in the euglobulin fraction 
(Girard et al., 1963). The lysin is nondialysable, heat labile, susceptible to 
inactivation by trypsin, and antigenic, indicating that the hemolysin is pro
tein in nature (Girard et al, 1963). Observations of Jenkins et al. (1964) 
confirm these properties. Girard et al (1963) suggest that antihemolysin 
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may be of diagnostic value. There is some evidence from our laboratory 
that antihemolysin may occur in serum of rabbits immunized by active 
infections (A. S. Armstrong, personal communication). A. N. Njoku-Obi 
et al. (1963) feel that the antihemolytic activity of normal serum is too 
high to make this test of much use as a diagnostic tool. 

Girard et al. (1963) were unable to obtain increased hemolysin yields 
by sonic disruption of the cells, and they were unable to demonstrate a 
cell-bound lysin like that reported by Ginsburg and Grossowicz (1960) in 
the group A Streptococcus. They were also unable to show inactivation of 
the hemolysin by bubbling oxygen through the preparation, although the 
hemolytic activity drops upon standing. This has been shown in other 
oxygen-labile hemolysins to be due to oxidative inactivation. These inac
tivated hemolysins can be reactivated to nearly complete activity by addi
tion of reducing agents such as cysteine or hydrosulfite (Neill and Mallo-
ry, 1926; Neill, 1926a,b,c). 

A. N. Njoku-Obi et al. (1963) have shown that Listeria hemolysin is 
inactivated by filtration through a sintered glass filter, probably by oxida
tion of the lysin. The inactivation is reversed with reducing agents. Jen
kins et al. (1964) suggest that the Listeria hemolysin is similar to strepto
lysin O. Although Girard et al. (1963) were unable to show cholesterol 
inactivation of the lysin, Rogul and Alexander (1964) were able to inacti
vate the hemolysin with freshly crystallized cholesterol. This inactivation 
by cholesterol has been confirmed in our laboratory. 

The hemolytic activity of the lysin is neither enhanced nor decreased 
by the presence of excess magnesium, manganese, calcium, cobalt, or iron 
(Fe

+ 2
) ions. The lysin is equally active against erythrocytes from horse, 

sheep, goat, bovine, and rabbit (Rogul and Alexander, 1964). The mouse 
erythrocyte is somewhat more resistant than the others, especially if the 
hemolysin is in low dilution. These properties are similar to those of other 
oxygen-labile hemolysins. 

Certain of the activities can be explained by the thiodisulfide hypothe
sis. Iodacetic acid and iodoacetamide have little effect on inactivation of 
the hemolysin (Jenkins et al., 1964). This same observation has been 
made with streptolysin O (Herbert and Todd, 1941). This indicates that 
the activity of the lysin is not entirely dependent upon free sulfhydryl 
groups. Fruton and Bergman (1940) found the thiodisulfide theory unac
ceptable and suggested that the reducing agents function as coenzymes 
and form a dissociable complex with a particular enzyme. 

Listeria hemolysin appears to be enzymatic in nature. Girard et al. 
(1963) observed that culture filtrates from Listeria strains which produce 
high yields of hemolysin showed an opacity reaction in egg yolk broth, but 
filtrates from non-hemolysin producers did not show this reaction. These 
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findings indicate a phospholipase or lipase activity and support the 
suggestion by Seeliger (1961) that hemolysin may be a phospholipase. 
Jenkins et al. (1964) suggested that the lysin is a lecithinase. They re
ported that an opacity reaction occurred with lecithovitellin, and opales
cence was produced in normal human and rabbit serum. They felt that 
hemolysis may follow the breakdown of the lipoprotein complex in the 
cell membrane of the erythrocyte. 

Crude evidence indicated that hemolysin exerted a possible toxicity of 
a lytic nature on mouse peritoneal exudate cells obtained by glycogen 
stimulation (A. N. Njoku-Obi et aL, 1963). It was proposed that a cytoly
tic factor was operative in the interaction of sheep peritoneal exudate 
cells and L. monocytogenes in vitro (A. N. Njoku-Obi and Osebold, 
1962). They suggested that the factor may be elaborated by the bacterium 
within the phagocyte to provoke the extensive lysis of normal sheep exu
date cells observed in the study. The refractile bodies of the normally 
healthy cells disappeared and the exudate cells lysed from cytotoxic 
changes. Electron micrographs of Listeria-infected mouse spleen sug
gested that a lytic factor was involved in the interaction of the bacterium 
and the phagocyte (B. A. Armstrong and Sword, 1966). Frequently, the 
membrane of the phagocytic vacuole appeared to be disrupted. The au
thors suggested that hemolysin may function by disrupting the membrane 
of the phagocytic vacuole or phagosome, allowing the phagocytized orga
nisms to escape the hydrolytic action of the lysosomal enzymes. Adjacent 
areas of cytoplasm showed dissolution, and there was damage to the nu
clear membrane. Destruction of the host cell may be due to release of 
hydrolytic enzymes from the phagosome or lysosomes into the cyto
plasm. 

I V . M o d e o f A c t i o n o f Listeria H e m o l y s i n 

A. EFFECT OF HEMOLYSIN ON ISOLATED LYSOSOMES 

Recent reports in the literature suggest that Listeria hemolysin may 
function during listeric infection by disrupting membranes, especially of 
lysosomes and the phagocytic vacuole (B. A. Armstrong and Sword, 
1966; Sword and Wilder, 1967). In order to further evaluate the lytic ac
tivity of hemolysin on lysosomal membrane and the conditions under 
which hemolysin might function, we have carried out experiments on iso
lated liver lysosomes prepared from rabbit liver by the method of Weiss-
mann and Thomas (1962). 

Listeria monocytogenes hemolysin was purified from filtrates of 
brain-heart infusion broth cultures of strain 9-125 by precipitation with 
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60% saturation with ammonium sulfate and recovery of the euglobulin 
fraction after dialysis of the precipitated protein against distilled 
water-ethanol (0.5%) overnight at 8°C. Hemolysin caused release of hy
drolytic enzymes from isolated lysosomes as reflected by free acid phos
phatase and ^-glucuronidase activity proportional to the concentration of 
hemolysin used. The free enzyme activity of both acid phosphatase as 
assayed by the Sigma method (Sigma Technical Bulletin 104, Sigma 
Chemical Co., St. Louis, Missouri) and ^-glucuronidase as assayed by the 
method of Fishman et al. (1948) was approximately 4 fold greater at 100 
hemolytic units than at 25 hemolytic units. Lysis was prevented if hemo
lysin was first inhibited by cholesterol or if not first reactivated with cys
teine. 

B. DAMAGE TO PHAGOCYTIC CELLS 

A lytic factor appears to be involved in the interaction of Listeria and 
phagocytic cells. A. N. Njoku-Obi and Osebold (1962) noted a cytolytic 
factor in the interaction of normal sheep peritoneal exudate cells with L. 
monocytogenes in vitro. B. A. Armstrong and Sword (1966) observed 
phagosomal membrane disruption in electron micrographs of Listeria-in-
fected mouse spleen and suggested that hemolysin may be the lytic factor. 

To determine the direct effect of hemolysin on phagocytic cells, we 
have obtained peritoneal macrophage suspensions from rats and mice and 
exposed them to hemolysin. Macrophage suspensions containing 22,000 
cells/ml were exposed to 100 CHU/ml and observed for degranulation by 
phase microscopy. Degranulation, indicating intracellular destruction of 
lysosomes, was noticeable within 4-6 minutes and continued until degran
ulation was almost complete in 20-30 minutes (Fig. 1). Degranulation did 
not occur if the hemolysin was preincubated with cholesterol or if not first 
reactivated with cysteine. 

Since the data show that hemolysin can solubilize enzymes from iso
lated lysosomes and degranulate peritoneal monocytes, an assessment of 
lysosomal damage in vivo was undertaken. An increase occurred in 
plasma /^-glucuronidase within a few hours after intraperitoneal injection 
of 256 CHU. Hemolysin concentrations up to 1024 CHU were nonlethal 
when administered by the intraperitoneal route. In contrast to intraperito
neal challenge, intravenous injection of 256 or more hemolytic units 
caused a convulsive, rapidly fatal reaction, with death occurring within 5 

F I G . 1 . Mouse peritoneal exudate cell (monocyte) showing the sequence of events leading 
to cell destruction after treatment with 1 0 0 C H U / m l : A. 5 minutes, B. 6V2 minutes, C. 8 min
utes, D . 9V2 minutes, E . 1 1 minutes, F . 3 0 minutes, x 1 3 5 0 . 
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minutes of administration. Fifty complete hemolytic units were lethal for 
a variable percentage of mice within 30 minutes of administration. Figure 
2 shows plasma ^-glucuronidase values of mice surviving this dose. Peak 
levels of 10- to 11-fold above normal were reached at 1 hour post injec
tion, with an apparent increase in clearance rate of the enzyme over that 
observed following intraperitoneal injection. The level remained slightly 
elevated for 24 hours. 

Intravenous injection with relatively small amounts of hemolysin 
caused an increase in plasma levels of ^-glucuronidase. Figure 3 shows 
the response of enzyme levels and lethality of mice to graded doses of 
hemolysin. First evidence of damage was seen at 20 CHU, with a marked 
increase in plasma enzyme release and lethality (74%) at 50 CHU. 
Nonreactivated, cholesterol-inhibited, and heat-inactivated hemolysins 
showed values identical to normal animals and were nonlethal. The lethal 
effect of reactivated hemolysin could not be prevented by action of a and 
/3 adrenergic blocking agents including Phentolamine, Dichloroisopro-
terinol, Pronethalol, Guanethidine, or the antihistamine Pyribenza-
mine, but seems to be enhanced by concomitant epinephrine treatment. 

To substantiate the reticuloendothelial system as one site of damage, 
carbon clearance experiments were performed on hemolysin-treated mice 
by a modification of the method of Biozzi et al. (1953). The results 
showed a clearance rate reduced to nearly 20% of normal 2 hours after 
intravenous administration of 50 CHU. The phagocytic index remained 
depressed significantly below normal for 48 hours post injection, return
ing to normal at 72 hours. Hemolysin doses as low as 20 CHU were capa
ble of reducing particle clearance. Control mice receiving nonreactivated 
hemolysin did not show any depression of reticuloendothelial system 
function. 

C. HEPATIC DAMAGE 

To evaluate liver damage caused by hemolysin, plasma ornithine carba-
myltransferase values were determined by the method of Reichard and 
Reichard (1958) after hemolysin treatment. This enzyme is specific for 
liver, having been reported to be localized in mitochondria of hepatocytes 
(Mizutani, 1967). Hepatic injury was indicated by release of enzyme and 
a concomitant progressive increase in plasma enzyme values. Plasma or
nithine carbamyltransferase values were proportional to the amount of 
hemolysin injected and occurred when animals were challenged with as 
little as 30 CHU. Greatly increased enzyme levels occurred at 40 and 50 
CHU, with 50 CHU being lethal for some animals (50%). 
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F I G . 2 . Plasma ^-glucuronidase of mice receiving 5 0 C H U intravenously. Each point 
represents mean values for 1 5 - 2 0 mice. 

10 20 30 40 50 

Units hemolysin injected (CHU) 

F I G . 3 . Plasma /3-glucuronidase and percent survival of mice receiving graded doses of 
hemolysin intravenously. Each point represents mean values for 2 0 - 3 0 mice. 
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Since liver carbohydrate values decrease during infection with L. mono
cytogenes (Wilder and Sword, 1967a) and previous experiments suggest 
damage to hepatocytes, the major glycogen synthesizing and storage cell 
type, we determined liver and blood carbohydrate values after treatment 
with hemolysin. Gluconeogenesis as measured by total liver carbohydrate 
and blood glucose appeared to be slightly suppressed in fasted, hemoly-
sin-treated mice 36 hours after treatment. Additionally, no significant 
differences in blood lactate and pyruvate were seen when normal and 
hemolysin-treated mice were compared. 

D . CARDIAC MANIFESTATIONS 

Isolated protein fractions of Listeria have been reported to cause alter
ations in electrocardiographic tracings in rabbits (Mcllwain et al, 1964). 
In our studies, when mice dying after hemolysin administration were sac
rificed and dissected, the heart appeared to exhibit ventricular standstill 
and atrial fibrillation. To assess the possible effect of hemolysin on the 
myocardium, we determined plasma creatine phosphokinase levels 
(Sigma Method No. 520, Sigma Chemical Co., St. Louis, Missouri). There 
was an 18-fold increase in enzyme activity at 90 minutes followed by 
rapid clearance (Fig. 4). Normal levels were obtained when nonreacti
vated or cholesterol-inhibited hemolysin was used. These data suggest 
hemolysin-induced myopathic damage, possibly to the myocardium. 

I • Experimental 

Time (hours) 

F I G . 4. Plasma creatine phosphokinase in mice receiving 50 C H U intravenously. Each 
point represents mean values for 15 mice. 
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To assess toxicity to cardiac tissue, we obtained a series of electrocar
diograms on mice receiving lethal amounts of hemolysin. Toxic injury to 
cardiac muscle could result in impaired activity of the myocardium due to 
damage to contractile muscle or impulse-transmitting nodal muscle fibers, 
causing alterations to be observed in electrocardiograph tracings. 

Mice (CD-I strain, Charles River Mouse Farms, Wilmington, 
Massachusetts) were anesthetized with ether and secured in a supine po
sition to a nonconductive surface by tape at each foot. Electrode place
ments were made according to the directions of Goldbarg et al. (1968). 
Hypodermic needles (27 gauge) were placed subcutaneously at the base 
of each extremity and a single chest electrode was placed at midsternum 
at the junction of the fourth costochondrol cartilage. Preinjection electro
cardiograms were taken prior to challenge with 200-400 CHU intrave
nously. Post-treatment tracings were taken until cardiac standstill was 
evident. Electrocardiograms were recorded on a Sanborn Viso-Cardiette 
Model 500A (Hewlett-Packard, Waltham, Massachusetts) with a chart 
speed of 50 mm/second and a pen deflection of either 1 or 2 cm/mV input. 

The normal mouse electrocardiogram shows a pulse rate ranging from 
480-540 pulses per minute with an average of 510 pulses per minute (Fig. 
5). " P " waves are upright in leads 1,2, 3, AVF, V, and CF and are in
verted in leads AVR and AVL. The normal "P -R" interval is 0.06 sec
ond with a " P - P " interval of 0.12 second. The " Q - T " duration is 0.02 
second with a " T " wave deflection in lead 2 of 0.075 mV. 

Listeria hemolysin caused serious alterations of heart rhythm in mice 
receiving a lethal concentration intravenously. All mice showed slowing 
of the heart rate and various classes and degrees of arrhythmias, fre
quently suggesting conduction disturbance in several areas of the heart. 
Figure 6(A) shows diminished but upright " P " waves and dropping of 
occasional beats suggesting intermittent 2° sinoauricular block and inter
ference with impulse conduction to atrial muscle fibers. In addition the 
" T " wave has become more prominent, a possible indication of potassium 
increase. 

Sinoauricular block (2°) with nodal rhythm
7
 [Fig. 6(B)] suggests damage 

to the primary pacemaker and movement of pacemaker site to the A-V 
node. Broad, retrograde " P " waves with occasional notching and dropped 
beats 2 and 8, and the upright " P " wave preceding beat 13 suggests that 
the S-A block may be intermittent with possible A-V conduction distur
bance and various degrees of AV block. The increased " T " wave, RS-T 
upward displacement, and slightly longer Q-T duration (0.04 second) is 
suggestive of K+ increase. Marked slowing of the heart rate and broad in
frequent " P " wave activity with pause and slowing suggests 1° S-A block 
[Fig. 6(C)]. The A-V conduction disturbance and varying degrees of A-V 
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F I G . 5. Electrocardiographic leads of normal mice: A . lead 1, B . lead 2, C . lead 3, D . lead 
A V R , E. lead A V L , F . lead A V F , G . lead V , H . lead C F . 

F I G . 6. Electrocardiograms of mice receiving a lethal dose of hemolysin intravenously. A . 
Mouse # 4 - 7 minutes post 200 C H U , lead 1; B . Mouse # 4 - 7 minutes post 200 C H U , 
lead 2; C . Mouse # 8 - 9 minutes post 200 C H U , lead 1; D . Mouse # 5 - 1 2 minutes post 
200 C H U , lead 1. 
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block are indicated by abnormally prolonged "P -R" intervals and " P " 
waves not followed by the QRS complex. The QRS complex has become 
broad with an increased " T " wave. Broad " P " waves not followed by the 
QRS complex and a prolonged P-R interval indicate complete or almost 
complete A-V block [Fig. 6(D)]. The markedly slower ventricular rate 
and wide bizarre QRS complexes are suggestive of complete 
atrial-ventricular dissociation with an idioventricular pacemaker focus 
below the bifurcation of the common bundle. The " T " wave has become 
broad and tall. Extensive damage to the S-A nodal fibers and auricular 
muscle tissue is indicated by the absence of atrial activity [Fig. 7(A)]. 
Broad bizarre QRS complexes suggest pacemaker activity at an idioven
tricular focus. Marked slowing and fusion of the QRS-T complex is 
suggestive of the dying heart [Fig. 7(B,C,D)J Cardiac standstill is the 
terminal event [Fig. 7(E)]. 

Potassium intoxication of increasing severity is associated with positive 
spiking of the T deflection, widening of the QRS complex, incidental dis
placements of the RS-T junction, a diminished or loss of the P deflection, 
and finally, deterioration of QRST into large diphasic complexes (Bayley, 
1958). Electrocardiograph tracings (Figs. 6 and 7) depict several or all of 
the toxic alterations associated with increased serum K

+
 levels. To docu

ment the suspected increase in K
+
 levels, plasma levels in hemolysin-

treated mice were measured. Normal mice showed an average potassium 
level of 7.9 meq/liter with a range of 7.6-8.2 meq/liter. Mice receiving 
nonreactivated hemolysin had a slightly lower potassium level with an 
average of 7.4 meq/liter and a range of 7.2-8.2 meq/liter. Treated mice 
showed an increased potassium level with an average of 8.9 meq/liter and 
a range of 8.2-9.6 meq/liter after receiving 200 CHU of hemolysin. There 
is essentially no difference between normal K

+
 levels and nonreactivated 

hemolysin control mice. There was a significant difference at the 99% 
confidence level between normal and hemolysin-treated mice. Intrave
nous injection of potassium chloride to raise the blood K

+
 level to 20 

meq/liter was not lethal for normal mice. 

V . C o n c l u s i o n s a n d D i s c u s s i o n 

Hemolysin appears to be the major toxic product of L. monocytogenes. 
It is a soluble, oxygen-labile protein which appears to have lipase or phos
pholipase activity and displays lytic activity against erythrocytes of var
ious origin. Many of the properties and activities of this toxin are similar 
to those reported for oxygen-labile hemolysins of other bacterial species 
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F I G . 7. Electrocardiograms of mice receiving a lethal dose of hemolysin intravenously. A . 
Mouse # 6 - 2 minutes post 4 0 0 C H U , lead 2, B. Mouse # 6 - 2 minutes post 4 0 0 C H U , lead 
V , C. Mouse # 5 - 1 2 minutes post 200 C H U , lead 3, D . Mouse # 8 - 9 minutes post 200 
C H U , lead 3, E. Mouse # 6 - 3 minutes post 4 0 0 C H U , lead 2. 
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(i.e., streptolysin O). The toxic and lethal properties of hemolysin are 
summarized as follows: 

1. Hemolysin causes release of acid hydrolases from isolated lyso
somes proportional to the concentration of hemolysin added. It also 
shows leukocidal activity against peritoneal exudate cells. 

2. When hemolysin is injected into mice, there is an increase in plasma 
^-glucuronidase, ornithine carbamyl transferase, and creatine phosphoki
nase. Carbon clearance experiments also indicate that these animals have 
depressed reticuloendothelial function. Hepatic gluconeogenic activity 
appears to be somewhat depressed in fasted hemolysin-treated mice, but 
other changes in carbohydrate metabolism are lacking. 

3. Hemolysin is lethal for mice if injected intravenously; it is not lethal 
by the intraperitoneal route. Administration of 100 CHU causes death in 
less than 5 minutes. Fifty hemolytic units are lethal for a variable percent
age of the animals. Adrenergic blocking agents and antihistamine fail to 
protect mice against lethality. 

4. Electrocardiograms indicate serious alterations in heart rate and 
rhythm, suggesting damage to contractile and pacemaker cardiac tissue. 
Blood potassium increases after hemolysin treatment, and there are indi
cations of increased potassium levels influencing the heart. 

These observations indicate that the toxin is acting at several sites in 
the body including the reticuloendothelial system, the hepatocytes of the 
liver, cardiac tissue, and possibly the cell membranes throughout many 
other organs. 

It seems doubtful that any of the previously discussed toxic features 
such as damage to phagocytic cells or to hepatic tissue would result in the 
rapidly fatal reaction observed in mice after intravenous administration of 
Listeria hemolysin. It is also not likely that the sudden release of massive 
amounts of vasoactive materials is the cause of lethality, since we have 
been unable to prevent the lethal reaction of Listeria hemolysin by block
ade of the a and f3 adrenergic receptor sites and antihistamine treatment. 

The most probable cause of rapid death following hemolysin treatment 
is both a direct and indirect toxic injury to contractile and pacemaker 
myocardial tissue. Large increases in plasma creatine phosphokinase lev
els are suggestive of myocardial damage and are used clinically as a relia
ble index of heart injury (Hess et aL, 1964). Todd (1938) reported that 
large doses of streptolysin O were lethal for mice when given by the intra
venous route. A single application of Clostridium septicum 8-toxin to iso
lated frog heart caused an immediate decrease in systole and diastole 
(Bernheimer and Cantoni, 1945). After 20 minutes, the ventricle had 
stopped beating midway between the systole and diastole, while the auri
cles continued to beat for some time, eventually becoming distended with 
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fluid. Streptolysin O and pneumolysin were also cardiotoxic, causing 
complete systolic contracture of the ventricle. Kellner et al. (1956) ob
served immediate loss of ventricular and auricular contractility when 
streptolysin O was added to isolated perfused hearts of guinea pigs, rab
bits, and mice. The major effect of the lysin was an irreversible reduction 
in the force of cardiac contraction, suggesting that the primary site of ac
tion was the heart muscle itself. Streptolysin O was cardiotoxic after in
travenous injection into rabbits (Halbert et al., 1961). The animals devel
oped a series of motor convulsions with the head in extreme extension. 
Respiratory arrest and death usually followed within 5 minutes. Electro
cardiograms showed ventricular fibrillation and standstill. Small focal 
inflammatory lesions occurred in the ventricles, with accumulations of 
polymorphonuclear leukocytes. Halpern and Rahman (1968) demon
strated that mice receiving massive doses of streptolysin O intravenously 
showed electrocardiogram alterations including A-V block and dissocia
tion with eventual ventricular standstill and auricular fibrillation. 

Electrocardiograms of mice dying from Listeria hemolysin showed 
very significant alterations in pacemaker site, rate, rhythm, and conforma
tion of the various deflections. In most instances, the changes were suffi
cient to indicate serious damage to the heart muscle. Whether this damage 
was a direct effect of hemolysin on myocardium or a secondary effect of 
increased blood potassium has not been ascertained. The ratio of the con
centration of potassium ions interior and exterior to the excitable cardiac 
fibers is high during the resting electrical state and temporarily decreases 
during the excited electrical state. An increased K

+
 level in the plasma 

(possibly released from the cytoplasm of myocardial or other tissue dam
aged by hemolysin) leads to a reduction in the excitability and contractil
ity of cardiac fibers (Bayley, 1958). It is not likely, however, that all cardi-
otoxicity is the result of increased K

+
 levels, since with massive doses of 

hemolysin, electrocardiograms characteristic of the dying heart are ob
tained within a very short time after injection. Intravenous injection of 
potassium ion to raise blood levels to 20 meq/liter did not cause death in 
normal animals. It is more probable that hemolysin directly damages both 
pacemaker and contractile cardiac fibers, with a secondary or synergistic 
effect occurring with increased potassium levels. Presumably, death is 
due to functional damage to cardiac muscle and electrical arrest of the 
heart. However, other factors which have not been considered may play 
additional roles in the lethal reaction. 

In addition to its cardiotoxic and lethal action, hemolysin may play a 
role in controlling progress of listeric infections. Previous studies have 
shown enhancement of in vivo and in vitro growth of L. monocytogenes 
by iron (Sword, 1966). Physiological states which cause an excess of 
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available iron in an infected animal enhance the infection. It has been 
demonstrated in vitro that growth of L. monocytogenes can be enhanced 
by inclusion of ferritin in the growth medium indicating that this storage 
form of iron which is found within cells of the reticuloendothelial system 
may donate iron to the organism (Sword, unpublished observations, 1968). 
Since Listeria is a facultative intracellular parasite, production of hemoly
sin during intracellular growth and the subsequent destruction of lyso-
somes, phagosomes, and phagocytic cells may make organic iron sources 
available to the bacteria in the tissue. If these iron sources were utilized to 
enhance bacterial growth during infection, it seems likely that the greater 
number of organisms would produce more hemolysin and that this would 
in turn lead to greater destruction of cells in the liver, spleen, and other 
tissues invaded by the organism. If hemolysin acts in this way to enhance 
bacterial growth, with a resultant destruction of cells, the cardiotoxic 
effect may occur only when a critical or threshhold level of hemolysin is 
liberated, is distributed throughout the tissues, saturates membrane bind
ing sites, and reaches cardiac tissue in sufficient quantity to damage heart 
muscle and cause electrical arrest. 
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